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Abstract

Surfactants or surface active agents are molecules exhibiting various interfa-

cial activities. Amphiphilicity of surfactants is responsible for surface tension

reduction, exhibiting a wide range of pharmaceutical and industrial applica-

tions.

Foaming is an important property of surfactants. Foam is a system of

gas phase distributed in a liquid phase. They have varied applications in the

everyday world. Synthetic surfactants are used extensively today. After use,

they enter the aquatic environment and cause damage. Keeping in view the

environmental burden, it is desirable to substitute synthetic surfactants with

naturally obtained molecules as renewable and bio-compatible alternatives.

In search of such alternatives, I have investigated a few plant based natural

surfactants.

This thesis presents detailed investigations of surface and foam properties

of natural surfactants extracted from Sapindus mukorossi, Albizia procera,

Zephyranthes carinata, Acacia concinna and Juglans regia. Some synthetic

surfactants have been studied as a reference. In addition, I have also per-

formed preliminary characterization of the natural surfactants using Thin

Layer Chromatography (TLC), Column Chromatography (CC), High Per-

formance Liquid Chromatography (HPLC), UV-Visible Spectroscopy (UV-

Vis), Fourier Transform Infrared Spectroscopy(FTIR) and Gas Chromato-

graphy Mass Spectrometry (GC-MS). Also, the thesis discusses one shot

two dimensional drainage in foams using natural surfactant systems. While

Sapindus mukorossi and Acacia concinna have been studied earlier, this

v



vi

thesis gives the first ever reports on surfactant activities of Albizia procera,

Zephyranthes carinata and Juglans regia.

The surface tension studies reveal that good surface tension reduction

was observed for all the natural surfactants with a low critical micelle con-

centration (CMC). The natural surfactants are acid balanced and exhibited

good wetting ability. Juglans regia is an exception. On addition of salt, the

foaming increases and then decreases when surfactant concentration is below

the CMC. Above CMC, foaming decreases with increase in salt. The natural

surfactants show good cleaning and emulsification at higher concentrations.

Emulsion stability decreases in the region of micelle formation. Thus natural

surfactants exhibit remarkable surface active characteristics.

An important parameter for studying the efficacy of a surfactant is Dirt

Dispersion (DD) or the amount of dirt present in the foam. It is difficult to

rinse this dirt and it may redeposit. DD is quantified for the first time. I

also studied it’s variation with concentration. Quantification of DD reveals

interesting results. The amount of dirt present in foam increases, reaches a

maximum and then decreases with increase in concentration. The concentra-

tion at which maximum amount of dirt attaches to the foam corresponds to

the CMC, as revealed by surface tension measurements. Thus this approach

gives a rapid, easy, low cost effective tool to measure CMC.

Preliminary characterization of the natural surfactants was performed

to understand the chemical profile of the natural surfactants. TLC stud-

ies revealed the presence of saponin possessing a large number of polar and

non-polar compounds. The presence of saponin was supported by UV-Vis

results. FTIR spectra showed characteristic triterpenoid saponin absorptions
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of OH, C=O, C-H, and C=C. Glycoside linkages to the sapogenins was shown

by absorptions of C-O-C. A large number of compounds were observed by

HPLC and good separation was achieved using water-methanol solvent sys-

tem. GC-MS showed the presence of diverse classes of compounds belonging

to alcohols, esters, aldehydes and fatty acids.

To quantitatively understand the mechanism of foam stability, I per-

formed forced drainage experiments on Sapindus mukorossi and Acacia con-

cinna systems. Drainage is the flow of intervening liquid due to gravity,

surface tension and viscosity. It plays an important role in determining foam

stability. This is the first study of drainage in plant based surfactants. Sim-

ilar drainage profile was observed by both the systems. The vertical drain-

age profile reveals a power law behaviour for front position and a Poiseuille

type flow, similar to synthetic surfactants. The drainage wave initially pro-

duced a conic shape downstream and later became an expanding ellipsoid.

Liquid fraction studies showed that drainage wave moves with Gaussian dis-

tributions both vertically and horizontally. Along the vertical, the normal

Gaussian distribution distorts after 20 seconds indicating two types of flow

occurring simultaneously.

Our results suggest that the plant derived natural surfactants possess an

enormous potential to be used as surface active agents which could provide

useful input to various industries.
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Chapter 1

Introduction

1.1 Introduction

Surfactants or surface active agents are amphiphilic substances exhibiting

a dual affinity also known as polar-apolar duality. The polar (hydrophilic)

or water loving portion comprises of hetero atoms such as oxygen, sulphur,

phosphorus or nitrogen included in the functional groups such as alcohols,

ether, ester, acid sulfate, phosphate, amide etc. The non-polar (hydrophobic)

or water hating portion consists of one or more hydrocarbon chains of alkyl or

alkylbenzene type [1] (Figure 1.1). The hydrophilic part undergoes electro-

static interactions like hydrogen bonding, dipolar interactions, ionic bonding

with the surrounding molecules whereas the hydrophobic part interacts with

its neighbouring non-polar structures through Van der Waals interactions.

This results in the adsorption and aggregation of the molecules. Due to its

double affinity, surfactants migrate to the surface or interfaces and orients

with the polar part in water and non-polar part in air thus altering the surface

2
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Figure 1.1: Schematic diagram of a surfactant molecule.

free energy. Depending on the nature of the hydrophilic group surfactants

are classified as anionic, cationic, zwitterionic and non-ionic surfactants [2].

When surfactants are added to water, they adsorb at the air-water in-

terface forming a monolayer. This reduces the surface or interfacial tension.

With increase in concentration, a stage is reached when no further molecules

can be accommodated at the surface. The molecules then assemble in the

bulk to form aggregates called micelles. Here the hydrophobic part associ-

ates in the interior while the hydrophilic part faces the aqueous medium, as

shown in Figure 1.2. Surfactants thus either interact with the surfaces or self

aggregate to form micelles in solution. Various techniques such as surface

tension, osmotic pressure [3], viscosity [4], conductivity [5], light scattering

[6], dye solubilization, fluorimetry [7] etc. are used to demonstrate micellar

aggregation. All these properties abruptly change over a narrow concen-

tration range. The threshold concentration at which the properties of the

surfactant solution change due to micelle formation is termed as the Critical

Micelle Concentration (CMC).

One important property of a surfactant is surface wetting. Surfactants

are also known as wetting agents as they lower the surface tension of the
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Figure 1.2: Orientation of hydrophilic heads and hydrophobic tails at air-
water interface forming a monolayer. Some surfactant molecules are seen to
form a micelle.

liquid which enhances easier spreading over surfaces. The dual nature of the

surfactant molecule is responsible for enhanced wetting of water. This in turn

allows water to penetrate a surface and enter into the dirt. The hydrophobic

or the oleophilic part of the surfactant attracts and emulsifies the grease

or dirt whereas the hydrophilic part dissolves in water. This simultaneous

action causes the dirt or grease to disperse in water [8].

Foaming is a characteristic of a surface active substance. When a surfact-

ant is added to water and agitated, foam is formed. Foam is a collection of

gas bubbles uniformly distributed throughout a continuous liquid phase [9].

It is produced when surface tension of water is reduced and air is forced in

to form bubbles. Foam plays an important role in foods and personal care

products like expresso coffee, creams, lotions and shampoo [10]. It is also

important in many industries like petroleum, metallurgy, brewing, fire fight-
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ing and separating, isolating or spreading of chemicals [11]. Thus the study

of foam is useful in engineering, chemistry, physics and food science with its

wide range of applications [12]. Our present work is on aqueous foam.

The flow of liquid through a foam caused by gravity and capillarity is

known as drainage [13]. It is one of the important factors which destabilizes

foam. Thus this process is of great importance in the study of foams. Grav-

itational forces drain the liquid out of the foam. The liquid films between the

bubbles become thinner, fragile and finally break as the foam dries up. Thus

stability of foam depends on drainage [14]. The present work studies one shot

two dimensional drainage in natural surfactant systems using a rectangular

Hele-Shaw cell.

An important parameter for studying cleaning ability of surfactants or

surfactant efficacy is Dirt Dispersion (DD), the quantity of dirt remaining

in the foam [15]. It is difficult to rinse this dirt and it may redeposit at

the surface. To the best of our knowledge, DD has so far been studied

qualitatively by eye estimation only [16]. This work is the first to report

quantification of DD. I have measured DD as a function of concentration

and used it to determine CMC of surfactants. This is a new low cost method

of determining CMC.

Another important characteristic of surfactants is their ability to form

stable oil-water emulsions. Surfactants act as emulsifiers by adsorbing at the

oil-water interface and reducing interfacial tension. Emulsion is important

in food, personal care products, paints, polishes and pesticides [17].

Thus surfactants play an important role in a wide array of industries

including detergents, paints, flotation, surface wetting preparation of nano-
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particles, emulsions, pharmaceuticals, cosmetics, food products, remediation

processes and paper products [1].

Due to its wide applications, large number of synthetic surfactants are in

industrial and domestic usage. They get dispersed in different environment

sections such as water, soil and sediments etc [18]. In 2006, 12.5 million

tonnes of surfactants were produced world wide [19] while 3 million tonnes of

surfactants were produced in Western Europe in 2007 [20]. The consumption

of one non-ionic surfactant (polyethoxylated nonylphenol) in United States

was approximately 172 thousand tonnes in 2010 [21]. Ultimately, all these

surfactants would go into the environment. Most surfactants are manufac-

tured using synthetic chemical processes and are not biodegradable leading

to serious environmental problems [22, 23]. These surfactants cause health

hazards such as irritation of eyes, respiratory diseases and dermatitis [24, 25].

Synthetic surfactants enter the aquatic system and hampers the environment.

Studies have shown that synthetic surfactants inhibit the filtering activity of

mussels and oysters [26]. Toxicity test of seven surfactants on six fresh water

microbes show that all surfactants are toxic. However, non-ionic surfactants

are less toxic, followed by anionic and cationic surfactants [27].

The environment concerned world of today requires not only surface act-

ive properties of a surfactant but also biodegradability and low toxicity [28].

In comparison to synthetic surfactants, natural surfactants are renewable

as they are obtained from continuous ecological cycles, easy to obtain in

large quantities, biodegradable, and have less toxic breakdown products [29].

There is thus an increasing trend to move towards a more sustainable pro-

duction of surfactants by using natural products. Thus researches on envir-
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onment friendly surfactants are being initiated of which, one study could be

on natural surfactants. The sources of natural surfactants include plants,

bacteria or fungi, humic acid, fatty acid esters of sugars or amides of amino

acids. They can be obtained using different techniques like extraction, filtra-

tion, precipitation and distillation [30].

The best known plant based surfactant is called saponin. Saponins are

naturally occurring glycosides mostly produced by plants but also produced

by some lower marine animals and bacteria. Saponins constitute a fat soluble

nucleus known as the aglycone which can either be triterpenoid or alkaloid

steroids. The aglycone nucleus is attached to one or more sugar chains called

glycones through ether or ester bonds, [31, 32] as shown in Figure 1.3 [33].
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Figure 1.3: Structure of typical saponin molecule.

Due to the simultaneous presence of sugar chains and aglycone, sapon-

ins possess surface active properties. They have the ability to form stable
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foams in aqueous solutions. Studies have shown that Endod (Phytolacca do-

decandra L’Herit) saponin could be completely biodegraded in 10 days [34].

Saponins are used to treat many diseases and they are used in environmental

control activities such as control of oil spills, bioremediation of contaminated

soils and detoxification of industrial effluents [35].

Recent trends in industries is to search for natural alternatives and avoid

synthetic products. Keeping this in mind, I have studied extracts obtained

from five plant sources namely Sapindus mukorossi, Acacia concinna, Albizia

procera, Zephyranthes carinata and Juglans regia as natural surfactants. This

is the first report of surface active properties of Albizia procera, Zephyranthes

carinata and Juglans regia. These plants have been chosen as traditional

cleansing agents in the regions of West Bengal and Sikkim around Gangtok.

These natural surfactants have been studied with an objective to evaluate

their surface, foam and drainage characteristics. The natural surfactants have

been characterized using various techniques. Some synthetic surfactants have

also been studied as a reference.

In order to search for potential natural plant based surfactants having

various surface, foam and drainage characteristics the following parameters

were determined:

� Determination of surface tension: Limited experiments were per-

formed on surface tension as a function of concentration and temper-

ature during my M. Phil. However, the CMC could not be investig-

ated. In the present study, surface tension of the solutions was again

measured by Wilhelmy Plate technique. This technique uses a filter

paper/platinum plate kept fixed with respect to the liquid surface. Sur-
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face tension is obtained by measuring the downward force experienced

on the plate due to the liquid meniscus using a microbalance. Vari-

ation of surface tension with concentration was studied. Initially, the

surface tension reduces with increase in surfactant concentration after

which it remains constant. This concentration at which surface tension

remained constant is the CMC. Our studies aimed at estimating the

CMC of the different solutions which is an important parameter of a

surfactant.

� Foaming Ability and Stability: Our previous study in M.Phil.

investigated the foaming ability and stability of various natural sur-

factants with respect to concentration using Bikerman’s Method and

Barstch Test. Foam generation is an important criteria in evaluation

of a surfactant. In the present study, the foaming ability and stabil-

ity were investigated as a function of addition of salt by Bikermam’s

Method.

� pH and Conductivity: The conductivity of natural and synthetic

surfactants was studied as a function of concentration. The abrupt

increase in conductivity of a surfactant solution gives an idea about the

region of micelle formation. Study of the pH of the surfactant solution

is important as a solution of pH close to the skin causes less damage

to the hair and skin. The solution pH was measured as a function of

concentration.

� Viscosity: Viscosity of natural and synthetic surfactants was studied

as a function of concentration. Viscosity affects foam stability as high
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viscosity tends to stabilize foam. The study of viscosity also gives an

idea of formation of micelles.

� Surface Wetting: Wetting ability was determined to compare deter-

gent efficacies by Canvas Disc Wetting test with a slight modification.

A cotton cloth was used instead of a canvas disc. The cloth was floated

on the surface of the solution. Wetting time was measured as the time

taken for the cloth to begin to sink [36].

� Emulsifying power: The stability and type of oil-water emulsion de-

pends on the nature of surfactant used. Emulsifying power of surfact-

ants were studied using the Barstch test. Equal volumes of surfactant

solutions and oil were shaken in a measuring cylinder. The separation

of aqueous phases were monitored with time for the emulsions formed.

� Dirt Dispersion: Dispersion of dirt in foam is a test of the surfactant’s

efficacy. In previous studies it was studied only by eye estimation.

In this study two bottles of surfactant solution were taken and India

ink was added to one bottle. The bottles were simultaneously shaken,

photographed and the gray scale of the foams analyzed. Dirt dispersion

was measured by taking the ratio of the gray scale at the same height

for the foams. This study is the first attempt to quantify the amount

of dirt present in the foam.

� Cleaning ability of Surfactants: In order to evaluate the amount

of dirt removed by surfactants, cleaning action was measured as a per-

centage of dirt removed.
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� Characterization of Natural Surfactants: The natural surfactant

(saponin) present in the various plant samples was analyzed and char-

acterized using Thin Layer Chromatography (TLC), Column Chroma-

tography (CC), High Performance Liquid Chromatography (HPLC),

UV-Visible spectroscopy (UV-Vis), Fourier Transform Infrared Spec-

troscopy (FTIR) and Gas Chromatography-Mass Spectrometry (GC-

MS).

� Observation of Drainage in Foams: The stability of foam depends

on three processes, drainage, Ostwald ripening and coalescence. The

process of drainage in natural surfactant system was investigated. This

study focussed on one shot forced drainage with fresh liquid along with

a dye added to foam of different bubble sizes. Drainage velocity was

studied as a function of surfactant concentration. This work is an

extension of the previous work done on one surfactant with 2 ml of

liquid added from the top. As a precaution the effect of the added dye

on surface tension is also investigated.

The research work presented in this thesis has endeavoured to investigate the

potential of five plant based natural surfactants with the goal of finding an

alternative to synthetic ones.

1.2 Outline

The work presented in this thesis provides a pathway for the use of natural

surfactants as an alternative to syntheic surfactants. Several aspects of sur-
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face as well as foam properties of the natural and synthetic surfactants have

been examined. The drainage characteristics of natural surfactant have also

been investigated. The natural surfactants extracted have been characterized

using different techniques. The thesis is organized as follows:

Chapter 2 provides the technical background for the thesis. It summaries

different research works related to the field. The background on surfactants

and their applications, classifications, surface tension and it’s measurement,

micelles, critical micelle concentration and it’s measurement are discussed.

In addition, foam structure and applications, foaming ability, stability and

drainage are also presented. Emulsions with applications, surfactant as emul-

sifiers, surface wetting, environmental effects of surfactants, natural surfact-

ants and it’s applications are discussed. Finally, plants used to obtain natural

surfactant are described.

Chapter 3 gives the details of experimental techniques and procedures

such as Wilhelmy Plate method for surface tension, pH, conductivity and vis-

cosity measurements. The experimental procedures for emulsification, wet-

ting, cleaning, dirt dispersion, two dimensional drainage in Hele’s Shaw cell

are also described. The experimental procedures and techniques for charac-

terization of the natural surfactants used in the work are also discussed. The

details of the materials (natural and synthetic surfactants) and extraction of

the natural surfactant used in this work are also reported.

Chapter 4 describes the measurements of surface and foam characteristics

of the surfactants such as surface tension, surface wetting, emulsification, pH

and conductivity, viscosity and cleaning.

Chapter 5 describes quantification of the dirt present in the foam and



CHAPTER 1. INTRODUCTION 13

provides a new approach to measure the CMC of the surfactants. This is the

first report on quantification of dirt in foam. The results obtained from dirt

dispersion measurements are compared with surface tension measurements.

Chapter 6 describes the preliminary characterization of the plant based

natural surfactants using different techniques. The results are discussed.

Chapter 7 presents the results of two-dimensional one shot drainage in

natural surfactant systems Sapindus mukorossi and Acacia concinna. The

analysis and explanations regarding the type of flow of the liquid in vertical

and horizontal directions are given. This chapter also attempts to provide

explanations for the results obtained, in the light of other works and theories.

The results are compared with the results for synthetic systems.

Chapter 8 provides the overall summary of the thesis and the potential

avenues for further work.

The letters of identification and authentication of parts of the plant are

provided in the Appendix. The publications related to the thesis are placed

at the end. Copies of the certificates of conference presentations made during

the Ph.D. programme are also provided.



Chapter 2

Literature Review

The main motivation of the present study is to search for potential nat-

ural plant based surfactants having good surface and foam properties. This

chapter describes the fundamental theory and a literature review describ-

ing surfactants, it’s applications and types. Then I describe surface tension

measurement, critical micelle concentrations, foams, emulsions, surface wet-

ting, natural surfactants (saponins). The chapter ends with a description

of the plants used in this study to obtain natural surfactants. Reviews on

environmental effects of surfactants have also been reported.

2.1 Surfactants

Surfactants are a class of amphiphilic molecules consisting of two distinctly

different parts; an ionic or dipolar hydrophilic head and a polar hydrophobic

tail covalently bounded with one another. The head is soluble in water. The

polar tail is insoluble in water but soluble in oil and other non-polar solvents.

14
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The presence of these two parts gives these molecules their unique properties

[37]. The hydrophobic part consists of hydrocarbon/flurocarbon/siloxane

chains and can be branched or linear consisting of 8-18 carbon atoms. The

hydrophilic head may be ionic or non-ionic.

At a low concentration, surfactants adsorb on the surfaces or interface

of the system and alter the surface or interfacial free energy. The minimum

amount of work required to create an interface is the interfacial free energy.

When the surfactant is added to water, the hydrogen bonds are disrupted by

the hydrophobic group in the interior of water increasing the free energy of

the system. This leads to concentration of the surfactant molecules on the

surface as less work is required to bring a surfactant molecule than a water

molecule to the surface. Thus the surface tension gets reduced.

The presence of hydrophilic group prevents the surfactant from being

expelled completely from water. The surfactant molecules pack together and

orient at the interface with the hydrophilic group in water and hydrophobic

group away from water. They form a single molecule layer called a monolayer

[38].

Minimization of free energy is also achieved in the bulk by another mech-

anism that comes into play above a particular concentration. The surfactant

molecules organize themselves in structures wherein the hydrophobic groups

face one another and the hydrophilic groups face the water forming clusters

called micelles. The concentration at which micelles appear in the solution is

termed critical micelle concentration (CMC) [39]. After the CMC is achieved,

the increase in concentration only adds to the formation of more and bigger

micelles.
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The adsorption of surfactant molecules at an interface provides an ex-

panding force against the interfacial tension. This lowers the interfacial ten-

sion. The lowering of interfacial tension is illustrated by the Gibbs adsorption

equation for a binary isothermal system

Γs = −(1/RT )(dγ/ lnCs) (2.1)

where Γs is the surface excess of surfactant solution, Cs is the surfactant

solution concentration and γ is the surface or interfacial tension, R is the

universal gas constant and T is the absolute temperature. The above equa-

tion can be applied to dilute surfactant solutions forming a monolayer. The

area per adsorbed molecule as is given by

as = 1/(NAΓs) (2.2)

where NA is Avogadro’s number [2].

The mechanism of action of a surfactant includes roll-up mechanism,

emulsification and solubilization as shown in Figure 2.1. In roll-up mech-

anism, the surfactant lowers the oil/solution and fabric/solution interfacial

tensions and removes the stain out of the fabric. During emulsification the

surfactant molecules decrease the oil/solution interfacial tensions and emulsi-

fies the oil droplets. The solubilization mechanism involves the interaction of

the micelles of a surfactant in water with the dirt, which spontaneously dis-

solves to form a stable and clear solution. Thus the surfactants, by lowering

the interfacial tension between two interfaces such as air-water, water/stain,
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stain/fabric etc. play a vital role in entrapping the oil phase. Due to the

lower surface tension of the surfactant solution, the oil/dirt/grease gets re-

moved or lifted up in water forming emulsions. The hydrophilic head remains

in water and pulls the oil towards water. The oil thus gets removed when

rinsed with water [40].

Figure 2.1: Mechanism of stain removal from fabric by surfactant.

2.1.1 Application of Surfactants

Surfactants have a large range of applications related to chemical, biochem-

ical, pharmaceutical and other industries. This includes detergents, paints,

paper coatings, dyestuff, personal care products, fibres, softeners, inks, flot-

ation, enhanced oil recovery and separation processes [1]. Surfactants are

used as lubricating agents. In pharmaceutical industry surfactants are used

as enhancers for precutaneous absorption by disordering the lipid layer and

denaturating keratin [41]. Surfactants are also used as flocculating agents
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[42], in respiratory distress therapy [43], in hard gelatine capsules [44], as

lubricating agents for the removal of ear wax [45].

Every sector of industry uses surfactants as an important class of in-

dustrial chemicals. The worldwide production of surfactants is around 12.5

million tonnes per year, growing at a rate of about 0.5 million tonnes per

year. The consumption of surfactant as household detergents is about 60%,

30% in industrial and technical applications, 7% in industrial and institu-

tional cleaning and 3% in personal care products. Asia accounts for the

largest global detergent consumption of 33% [19].

2.1.2 Classification of surfactants

Surfactants can be classified into four main divisions according to the com-

position of the head group as given in Figure 2.2 [46].

Anionic Surfactants

The most commonly used surfactants are anionic surfactants which accounts

for approximately 50% of worldwide production. They dissociate into an

amphiphilic anion and a cation when dissolved in water. The head group

is negatively charged whereas the counter ion is positively charged. The

cation generally consist of an alkali metal like Na+ and K+ or a quaternary

ammonium [46]. The commonly used surfactants include alkyl benzenes-

ulphonates, alkyl sulphates, sodium dodecyl sulphate, ether sulphates, lignin

sulphonates etc. [47]. The molecular structure of sodium dodecyl sulphate

is shown in Figure 2.3(a). They are usually used in cleaning formulations.
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Figure 2.2: Classification of surfactants.

Non-ionic Surfactants

The second most commonly used surfactants are the non-ionic surfactants

which account for 43% of the world’s production [47]. These surfactants do

not ionize when dissolved in water. The head group does not have a charge.

The hydrophilic moieties comprise of alcohol, phenol, ether, ester or amide

coming from naturally-occurring fatty acids. The hydrophobic moieties are

alkyl or alkylbenzene type [46]. Non-ionic surfactants include ethoxylated

alcohols, ethoxylated amines, ethoxylated acids, ethoxylated esters, polyso-

rbates, alkyl polyglycosides etc [48]. The molecular structure of surfactant n-

dodecyl-hexaethylene oxide is illustrated in Figure 2.3(b). These surfactants

are used in low temperature detergency as wetting agents and emulsifiers.

The present work deals with plant based non-ionic natural surfactants.
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Figure 2.3: The molecular structure of (a) sodium dodecyl sulphate (b) n-
dodecyl-hexaethylene oxide (c) cetyl trimethylammonium bromide (d)N,N-
dimethyl-N-dodecylglycine dodecylbetaine.

Cationic Surfactants

Cationic surfactants dissociate into an amphiphilic cation and an anion when

dissolved in water. The head group is positively charged whereas the counter

ion is negatively charged. These surfactants include cetyl trimethyl am-

monium bromide, alkyl quaternary ammonium salts, benzylakyldimethyl am-

monium salts, amidoamnine quaternaries etc [48]. The molecular structure of

cetyl trimethylammonium bromide is shown in Figure 2.3(c). These surfact-

ants have commercial importance in corrosion inhibition, flotation collectors

for mineral ores, fabric softeners, hair conditioners etc [38, 46].
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Amphoteric or Zwitterionic Surfactants

These surfactants exhibit both anionic and cationic dissociation properties

as the head group comprises of both positive and negative charges. The pH

determines which group dominates. They are anionic at alkaline pH and

cationic at acidic pH. They are used in pharmaceuticals, cosmetics, baby

shampoos where biological compatibility and low toxicity is of utmost import-

ance [48]. These surfactants have good dermatological properties and cause

less irritation to the skin. These include N,N-dimethyl-N-dodecylglycine do-

decylbetaine, alklyamino acids, alkylbetaines, alkylaminobetaines, imidazoline-

derived amphoterics and solfobetaines etc [46]. Figure 2.3(d) shows the mo-

lecular structure of N,N-dimethyl-N-dodecylglycine dodecylbetaine.

2.1.3 Surface Tension

Surface tension/ surface free energy is the work required to increase the

surface area isothermally and reversibly per unit area. The forces respons-

ible for attraction of molecules in a liquid are dispersion, hydrogen bonding,

dipole-dipole and dipole-induced-dipole forces. In the bulk liquid, a molecule

experiences the same attractive and repulsive forces in all directions whereas

these forces are lacking in one direction for the molecule at the surface. This

asymmetry results in surface energy or surface tension [29]. The surface

has a tendency to contract spontaneously minimizing the surface area. Gas

bubbles and rain drops tend to adopt a spherical shape reducing the total

surface free energy. The surface tension can also be defined as the contract-

ing force per unit length around a surface. It is the work required to expand
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a surface against the contracting forces which increases the surface energy

accompanying this expansion. Work done (W) to increase the surface area

by △A is given as

W = γ ×△A (2.3)

Surface tension can also be expressed as surface energy per unit area

[2]. The surface tension between water and air is 72 mN/m or dynes/cm.

The more polar the compound, higher is the surface tension due to strong

intermolecular interactions. Surface tension is the measure of the difference

in nature of the two phases (namely gas and air) meeting at that surface [1].

Surfactant concentration is responsible for decrease in surface tension and

influences properties like foaming, spreading, emulsification etc.

2.1.4 Surface Tension Measurement

Surface tension is measured using various techniques like Wilhelmy Plate, du

Nouy Ring, Pendant drop, Maximum bubble pressure etc. Different meas-

urement techniques are employed depending on the purpose and the type

of experiments performed. Some commonly used techniques are described

below.

Wilhelmy Plate Method

Wilhelmy plate uses a microbalance for direct measurement of surface ten-

sion. A vertical thin plate made of platinum, glass, mica or filter paper serves

as a Wilhelmy plate. The plate is held in a fixed position dipping into the

horizontal surface of the liquid. The vertical force F required to lift the plate
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from the air-water interface is measured using the microbalance. The surface

tension γ can be calculated by the equation

γ = F/(L cos θ) (2.4)

where F is the force on the plate, L the plate perimeter and θ the contact

angle. Assuming θ to be zero, equation (1.4) becomes

γ = F/L (2.5)

For static measurements, the plate is kept in contact with liquid during

the complete cycle of measurement. In the detachment mode, the force

required to separate the plate from the interface is measured [49]. The present

work uses this technique to measure surface tension.

Pendant Drop Method

The technique uses the shape of the drop to determine the parameters ne-

cessary for surface tension measurement. The stability of the hanging drop

depends on its shape. The surface tension can be determined by

γ = ∆Gρr20/f(V/r
3
0) (2.6)

where V is the volume of the pendant drop, G the gravitational constant,

∆ρ the density difference between liquid and gaseous medium, and r0 the

radius of the capillary tip. f(V/r30) is a functional relationship dependent on

V/r30 [50].
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du Nouy Ring Method

In this technique, a platinum ring is submerged under the surface of the

liquid. The ring is then lifted up along with the meniscus of the liquid.

The maximum force required to raise the ring until the meniscus breaks is

measured by a balance [51]. The force required to lift a platinum du Nouy

ring of wire radius RW and ring radius RR from the solution surface is given

by [50]

γ = PF/(4πRR) (2.7)

where γ is the surface tension, P the force necessary to detach the ring from

the solution surface, and V the volume of solution displaced by the pull of

the ring. F is the Harkins-Jordan correction factor given by

F = f(RR/RW , RR/V ) (2.8)

Maximum Bubble Pressure Method

In this technique air is blown through a thin capillary into the solution for

which the surface tension is to be measured. Due to the blowing of air,

bubbles are formed at the opening of the capillary. Maximum value of the

pressure is obtained when the bubble radius equals the capillary radius. Us-

ing the Young-Laplace equation the surface tension can then be determined.

γ = ∆P ×R/2 (2.9)

where ∆P is the pressure difference between the gas bubble and the liquid



CHAPTER 2. LITERATURE REVIEW 25

and R is the radius of the bubble [52].

2.1.5 Micelles and Critical Micelle Concentration

Surfactants distort the structure of water by breaking the hydrogen bond

and increasing the free energy. This distortion leads to more adsorption of

surfactant molecules at air-water interface resulting in decrease of surface

tension. As the concentration of the surfactant is increased, the surfactant

molecules form micelles with hydrophilic head towards water and hydro-

phobic tails inside. The word micelle was coined by J. W. McBain in 1920

to describe colloidal sized particles of soaps and detergents [53].

Thus micelle formation is a spontaneous process which results from at-

tainment of a minimum free energy state. Increase of entropy is central

driving force for micelle formation. This occurs when the hydrophobic part

of the surfactants get removed from water and the ordered structure of water

molecules around this region of the molecule is lost [54]. The diameter of mi-

celle is about 2 to 3 nm due to which it is not visible under light microscope.

In a micelle there are approximately 60 to 100 surfactant molecules [55]. It

can be seen from nuclear magnetic resonance [56] and ultrasonic measure-

ments that the rate constant for the disassociation of a micelle to a monomer

is 10−2 to 10−9 seconds−1. The length of hydrocarbon chain, dissociation

degree, aggregation numbers and additives are responsible for the life time of

a micelle. Micelles are complex dynamic structures which are continuously

being formed as well as broken down in solution.

Micelle formation is an important property of the surfactant as phenom-
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ena like detergency and solubilization depend on its existence [1, 39]. After

CMC is attained any added surfactant contributes to the formation of more

or bigger micelles. The schematic diagram of the behaviour of surface tension

with concentration is illustrated in Figure 2.4.

Figure 2.4: Schematic representation of surface tension with concentration.

The efficiency of a surfactant is monitored by measuring the CMC. A

lower CMC suggests that the surfactant is more efficient. CMC is considered

to be a fingerprint evidence of micellization [57]. The chemical properties of

surfactant vary above and below the CMC. CMC is important in different

industries. Surfactant must be present at higher concentration than CMC

as surface tension reduction, foaming or emulsification can be achieved only

when a significant number of micelles are present. CMC is also important as

above this value maximum surfactant absorption takes place. Below CMC,

the physico-chemical properties like conductivity, electromotive force of ionic

surfactants exhibit the properties of strong electrolyte. Above CMC, these
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properties change drastically. Various techniques like surface tension, optical

turbidity, electric conductivity, osmotic coefficient, density, sound velocity,

diffusion, viscosity, refractive index, solubilization and ultra centrifugal sed-

imentation are employed to measure CMC. CMC of a surfactant can be

determined from the inflection point of any physico-chemical property of the

solution against concentration [2]. At CMC the physico-chemical properties

change over a narrow concentration range [1] as illustrated in Figure 2.5.

Figure 2.5: Variation of physical properties with surfactant concentration.

The various factors on which CMC of a surfactant depends are length of

hydrocarbon chain, number of double bonds, charge of the polar head group,

presence of additives in the solution like salt or alcohols, temperature, pH

and pressure [58]. As the hydrophobic character (the number of carbon

atoms) of the amphiphile increases, the CMC decreases. An increase in
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number of double bonds increases the CMC. Non-ionic surfactants have a

much lower CMC. The CMC decreases with increase in temperature to a

minimum and then it increases. In a surfactant based formulation, salts are

added to control viscosity, stability, appearance and consistency. The CMC

of ionic surfactants are significantly lowered by the addition of salt. For non-

ionic surfactants, the effect of salt is small. Addition of alcohols also lowers

the CMC in a significant way [59].

2.1.6 Methods of Estimating CMC

The different methods of estimating the CMC of a surfactant solution are

described below.

Surface Tension

CMC is best estimated from the surface tension isotherm. Initial increase

in surfactant concentration leads to more adsorption to the surface resulting

in surface tension reduction. Beyond CMC, the surface gets saturated with

adsorbed surfactants and additional surfactants contribute to micelle form-

ation. Hence surface tension becomes constant. This break in the surface

tension isotherm is the point of micellisation or CMC [38].

Conductivity

This method of CMC estimation is suitable for ionic surfactants. The equi-

valent conductivity of surfactant solution as a function of the square root

of concentration decreases slightly in the premicellar region like any conven-
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tional electrolyte. Beyond CMC, a large decrease is seen due to incomplete

dissociation of the surfactants present in micellar form. This discontinuity

can be used to determine the CMC [38].

Colorimetric Technique

This technique is based on solubilization of oil-soluble dye. The solubility

of a normal solvent-insoluble compound is studied against the surfactant

concentration. The solubility is low and constant at low concentrations but

after a certain concentration it increases abruptly. The point at which the

solubility increases abruptly corresponds to CMC [60].

Dye Micellization Method

This method studies the variation of absorbance of dye-surfactant solution

with concentration. At low concentrations, the absorption is small. The

absorbance increases suddenly at a higher concentration. After this the ab-

sorbance curve flattens as most of the dye shifts to the micelle, depleting the

dye phase. The portion near the inflection point is extrapolated to the point

where absorbance matches that of the dye in absence of surfactant. This

value is the CMC [61].

Fluorescence Probe Technique

This technique uses a hydrophobic fluorescent dye such as pyrene and pyrene

-3-carboxaldehyde which exhibits different fluorescence characteristics de-

pending upon the properties of the solubilizing medium. These probes show

different behaviour in micellar and non-micellar solutions. The change of be-
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haviour with surfactant concentration is used to determine the CMC. Initially

fluorescence is a constant with concentration and then decreases sharply. The

concentration at which the break occurs is the CMC [62].

2.2 Foams

Foam is the result of non-equilibrium dispersion of gas in a liquid containing

surface active substances. Random packing of bubbles in a relatively small

amount of liquid results in the formation of foam. Production of foam is the

result of introduction of air or other gases beneath the surface of a liquid

that expands and encloses the gas within a liquid film. Pure liquids do not

foam as gas bubbles introduced rupture immediately on contact with each

other or escape very fast from the liquid.

Formation of foam requires solutes that absorb at the liquid gas inter-

face. A surfactant added to the liquid prevents foam rupture by absorbing at

the air water interface, or by reducing drainage of the liquid from the foam

lamellae. Thus for the formation and stability of foam, surfactants play a

vital role [38]. Foam has important applications in personal and house-hold

products, enhanced oil recovery, food industry, washing, fire fighting, separ-

ating, isolating and other applications. It is common in soaps, detergents,

food products like expresso coffee, chocolate mousse, meringues, beer etc. It

is therefore essential to understand how foam is formed and how it changes

with time.

Low density, high viscosity and large interfacial area are important char-

acteristics of foam. Foam consists of honeycomb structure of gas cells sep-
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arated by thin liquid films [1]. It behaves like a gas (volume is proportional

to temperature and pressure), liquid (it can flow and fill a vessel) and solid

(it can support small shears and bubble distortion takes place without re-

arrangement). Foams are thermodynamically unstable systems. It is a non-

Newtonian fluid with a well-defined structure and can be opaque or trans-

parent, soft or rigid and conducting or insulating. This complex nature of

foam is due to the fact that it organizes at different length scales from the

surfactants being absorbed at the gas-fluid interface to the interconnected

fluid channels, bubbles and the sample. Properties of foam also depend on

bubble diameter, liquid fraction, dimension and shape as well as chemical

composition of the sample.

Formation of foam requires bubble production in a solution. The bubbles

are produced by various processes, namely:

a) Nucleation: This can be achieved by foaming gas in liquid by rapid

pressure drop; e.g. shaving foam flowing out of a pressurized can.

b) Gas entrainment: This includes massaging shampoo into hair, agitat-

ing laundry solution with hands, pouring solution from a height.

c) Direct introduction of gas into a liquid: This method is used for drinks,

which release a burst of gas when the can is opened [11].

d) Direct bubbling of a gas into the surfactant solution (Bikerman’s

method): This is a reproducible and quantifiable process widely used to

produce foam for studies and research [63].

Most foam that we are acquainted with is water based or aqueous foam

(detergent foam, cosmetic foam, beer foam, fire retardant). There also exist

non-aqueous foams like geological foam, metal foam, solid foam (foam rub-
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ber, bath sponge), synthetic foam (flexible foam core, expandable foam fill),

integral skin foam (arm rests, baby seats, shoe soles and mattresses) etc. Li-

quid foam is one of the examples of soft matter with a well-defined structure.

Aqueous or liquid foam comprises of various sizes of gas bubbles separated

by layers of liquid lamella of various thickness formed on a continuous liquid

network [64]. In this work we have concentrated on aqueous foam.

2.2.1 Structure of Foam

A foam is a gas-liquid mixture which strongly depends on the liquid fraction

′ϕ′ defined as the volume ratio of liquid and foam given as

ϕ = Vliquid/Vfoam (2.10)

Foams are classified as wet or dry, depending on the liquid fraction. Wet

or Kugelschaum foam corresponds to a liquid fraction higher than 0.15 e.g.

freshly poured beer. The bubbles appear like a packing of spheres as shown in

Figure 2.6. Wet foams are stabilized by high viscosity and surface elasticity.

Due to the presence of enough liquid the cell edges become rounded and there

is no coalescence.

Due to gravity the liquid between the bubbles gradually flows down. Dry

or Polyederschaum foam correspond to foam with liquid fraction less than

0.05 e.g. detergent foams. In dry foam gas bubbles are separated by thin

liquid films. This results in polyhedral bubbles. The structure of foam was

first described by Joseph Plateau. The polyhedral bubbles get arranged in

such a way that three films meet symmetrically along a line at an angle of
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Dry foam

 Wet foam

Figure 2.6: The structure of dry and wet foam.

1200. Four such lines meet at a vertex at the tetrahedral angle of 104.970 as

shown in Figure 2.7. The thin films forming the faces of polyhedral bubbles

are known as lamella. The lines of intersection of three films are called

Plateau borders. The vertices where four Plateau borders meet are called

nodes. The factors related to the components of foam include the density ρ,

bulk viscosity of the liquid η, surface tension γ, surface viscosity ηs and the

diffusivity of the gas [13].

2.2.2 Young-Laplace Equation

Young-Laplace equation governs the local equilibrium of a gas/liquid inter-

face. It relates the pressure difference across the interface to the surface
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Figure 2.7: The structure and geometry of dry foam.

tension. Surfactants decrease the surface tension of water, which creates

pressure difference across the curved surface of the bubble. The pressure

outside the bubble is less than the pressure inside. The pressure difference

for a spherical bubble of radius R is given by the Young-Laplace equation

∆P = PG − PL = 2γ/R (2.11)

Here PG and PL are the pressures of the gas and liquid respectively. In case

of bubbles having complex geometry, the two principal radii of curvature R1

and R2 have to be used in the equation.

∆P = γ(1/R1 + 1/R2) (2.12)

Surface tension measurement techniques like pendant drop, spinning drop

and maximum bubble-pressure use the Young-Laplace equation [65]. This
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equation can also explain liquid drainage from lamellae into Plateau bor-

ders under the influence of gravity. The internal (Laplace) pressure of small

bubbles provides the driving force for diffusion of gas through the lamellae

into larger bubbles leading to phenomena like Ostwald ripening [66].

2.2.3 Foaming Ability and Stability

Foam producing power of surfactant solution is the ability of the surfactant

solution to attain lower surface tension in a short time when new interface

is being created [67]. It is the gas/air entrapment capacity of the surfactant

solution. When the foam is being generated, surfactant monomers adsorb

on the freshly created interface from the bulk solution. In case of low CMC

the monomer gets depleted which results in breakdown of the micelles to

provide additional monomers. Stable micelles in the solution cannot provide

monomers quickly which results in higher dynamic surface tension and less

foam. Disintegration of unstable micelles resupplies the depleted monomer

and thus foaming is enhanced [68].

The foaming ability and stability of surfactant solution is dependent on

the chemical composition and properties of the adsorbed surfactant mo-

lecules. It depends on rate of adsorption from solution to liquid/gas in-

terface, rheology of the adsorbed surfactant layer, gaseous diffusion out of

and into the bubble, bubble size, surface tension, bulk viscosity, presence of

electrolyte, temperature and pressure [1].

The ability of the foam to sustain the gas for a long time to maintain

bubble size, liquid content and foam volume is referred to as stability of foam.
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The decay of foam is a measure of foam stability. As the bulk viscosity of

the foaming solution and surface viscosity of the adsorbed surfactant layer at

air-water interface increases, the foaming stability also increases. Stability

of foam decreases in the presence of an electrolyte as the electrical repulsion

between the ionic surfactant molecules at the interface decreases [69].

Surface elasticity and viscosity are responsible for foam stability. Drain-

age of the liquid from the foam lamella to Plateau border results in lower

surfactant adsorption due to thinning of the film. This increases the sur-

face tension and leads to surface contraction. The resulting surface tension

gradient forces the liquid from a low tension region to a high tension region.

The expansion arising due to gravity or capillarity is opposed by higher sur-

face tension. Thus the loss of liquid between the interfaces is balanced by a

counter flow of liquid. This surface tension driven liquid transport provides

a resistive force to the thinning film and further thinning is prevented. This

mechanism of foam stabilization is called Gibbs-Marangoni effect [65].

Foam undergoes self-destruction as its stability is affected by various pro-

cesses. Three natural processes are responsible for stability of foam, namely:

a) Drainage: Liquid drainage is a natural phenomenon caused by gravity

as well as surface pressure imbalance in foam lamellae and Plateau borders.

Due to the draining liquid the foam bubbles approach each other. The spher-

ical bubbles become polyhedral corresponding to a transition from wet to dry

foam. The bubbles may collapse due to collision leading to film thinning and

increased surface tension [67].

b) Ostwald Ripening: It is a process where larger droplets grow due to

the diffusion of smaller droplets. Disproportion in bubble size causes gas mo-
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lecules to diffuse from small bubbles to large ones. This causes growth of the

bubble size with time at the expense of number of bubbles [70]. The pressure

gradient may also arise due to lamella permeability which is dependent on

the type of the surfactant, liquid and gas phases.

c) Coalescence: Due to the thinning of the foam film (dry foam), the film

between two adjacent bubbles ruptures to form a single large bubble and

this process is called coalescence. It is an extremely rapid process which is

difficult to observe [71].

Thus foam can be stabilized by taking into account all these processes

and controlling the thinning of the foam lamella. Stability of the foam also

depends on particle size, shape, concentration and the type of surfactant

[72]. The stability of foam increases by the presence of hydrophilic particles

as they collect at the Plateau border and slow down drainage. These particles

may also shield the foam bubbles and decrease the diffusion of gas, resulting

in stable foam [67].

2.2.4 Test for Foamability and Stability

The foaming ability and stability can be monitored by different techniques:

a) Bartsch Test/Shaking Tube Method: A known volume of liquid

is taken in a tube of standard size and shaken in a standard way. The height

of the resulting form is measured [73].

b) Ross-Miles Method: A fixed volume of surfactant solution is poured

onto the bed of the same solution from a constant height. Foam volume is

measured after the last drop has fallen [38].
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c) Bikerman’s Method: The Bikerman’s technique quantifies the foam-

ing ability and stability of a surfactant using a simple method. A known

volume of the solution is taken in a cylindrical column and a gas is bubbled

into it at a constant rate resulting in the production of foam. The foam pro-

duced accumulates into the column, with the fresh foam pushing up the older

foams. As the foam column rises, the liquid in between the bubbles drains to

the bottom until the foam breaks. When the rate of foam formation matches

the rate of breakage of foam, a steady state is achieved. After reaching the

steady state the gas flow is turned off. The maximum height attained by the

foam is the foaming ability [63].

The stability of foam is determined by measuring the foam volume as a

function of time. Foam stability is expressed as R5 parameter, the ratio of

foam height after 5 minutes to maximum foam height.

2.2.5 Drainage in Foams

Generation of foam results in an increase of Gibbs free energy of the system

thus making it thermodynamically unstable. Foams are unstable disper-

sions by their nature and collapse given sufficient time. The rupture of the

film is generally caused by thermal perturbations. When the liquid drains

from lamella to the Plateau borders there is reduction in the thickness of

the lamella. The liquid flows through the interconnected Plateau border

network resulting in reduction of total liquid fraction with time. Drainage

from the lamella to Plateau border can be understood by considering the

Young-Laplace equation discussed earlier. Laplaces law states that reduc-
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tion of radius of curvature increases the pressure. The radius of curvature

of the Plateau border is much larger than that of the lamella which results

in higher pressure in the lamella. This pressure difference creates a driv-

ing force. The liquid drains into the Plateau borders, this phenomenon is

called Plateau border suction [74]. The rate of drainage depends not only on

the size of the Plateau borders, gas/liquid interface properties which can be

changed by the adsorbed surfactant molecules but also on the rate of internal

foam destruction by bubble coalescence.

During drainage, the foam at the top is dry with polyhedral bubbles with

thin edges while at the bottom is wet having spherical bubbles. Depending on

the surface mobility parameters e.g. bubble size, interfacial properties etc.,

two drainage regimes have been observed, namely Poiseuille flow (channel

dominated) or plug flow (node dominated), depending on the viscosity of

the surfactant solution. Poiseuille flow is the flow of liquid in the channels

with zero velocity at the boundaries. Plug flow is liquid flow with a uniform

velocity throughout the cross section. This allows more liquid to flow through

the Plateau borders [75].

The stability and other rheological properties of foam system are associ-

ated with drainage. This process has been extensively studied both exper-

imentally and theoretically for various surfactants and for different gravita-

tional and geometrical conditions [76]. The studies on foam drainage have

industrial importance. Many technological properties of foam depend on the

liquid fraction and rate of drainage [77].

Drainage can be studied under different conditions, namely free drainage,

forced drainage and pulsed drainage. Free drainage is a naturally occurring
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physical process in aqueous foams. The liquid present in freshly prepared

foam drains immediately and the foam eventually attains an equilibrium state

under gravity, viscosity and capillary pressure between adjacent bubbles.

Many experiments were performed on free drainage in the middle of the 20th

century.

Forced drainage can be achieved by continuously adding liquid at the top

of a foam column. It is a steady flow of liquid through static foam. Forced

drainage experiments were first performed by Leonard and Lemlich in 1965

[78]. Forced drainage has been extensively studied to compute dynamic and

geometric parameters of foams [9].

Pulsed drainage is the flow of the liquid in foam column when the liquid

is introduced at the top periodically [13]. It is the evolution of a small

volume of liquid introduced into a foam with a very low liquid content. The

injected liquid is pulled downwards by gravity and spread in all directions by

capillarity [75].

Forced drainage experiments showed that the velocity v of injected liquid

(drainage velocity) varied with Q, the rate of solution addition as a power

law

v ∼ Qβ (2.13)

where β is an exponent (∼ 0.5) [79]. Comparing forced drainage exper-

iments in two dimensions with numerical simulations of drainage equation

showed that the vertical movement of drainage wave was due to gravity and

horizontal movement due to capillarity [13]. Foam drainage in two dimension

with two inputs showed that along the vertical direction at the centre of the
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two nozzles, the spreading speed is nearly constant for a fixed separation [77].

Simulations of two dimensional Poiseuille flow foam drainage with a narrow

input in a rectangular Hele-Shaw cell under 8 different gravities (from 9.8 to

0 ms−2) showed that the motion of drainage wave fronts in both horizontal

and vertical directions were well described by the power law [80].

2.2.6 Foam Drainage Equation

Drainage in foam takes place through Plateau borders, the curved triangular

channels of liquid separating the bubbles. Considering the continuity and

the balance in pressure, the drainage equation can be written as

∂α

∂τ
+

∂

∂ξ
(α2 −

√
α

2

∂α

∂ξ
) = 0 (2.14)

This equation represents a continuity equation for a flow rate provided in

brackets. The above equation is achieved by taking dimensionless coordinates

corresponding to vertical position x (measured downwards) and time t by

defining x= ξx0 and t= τt0. The units are defined by x0=
√

Cγ
ρg

and t0=

η∗√
Cγρg

. Here the physical parameters are surface tension γ, liquid density ρ,

acceleration due to gravity g and effective viscosity η∗. The constant C is

given by C=
√√

3− π
2
which is related to the triangular cross section of the

Plateau borders. The area of cross section A of the Plateau border is reduced

to dimensionless variable α by scaling it as A= αx2
0. The liquid fraction is

obtained by ϕl=
NA
S

where N is the number of Plateau borders, S is the cross

section of the tube and x2
0 is the capillary constant [81].
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Drainage Equation in Two Dimensions

Assuming that the liquid flows through the Plateau borders only, the Poiseuille

flow drainage equation for two-dimension is given by

150µ
∂A

∂t
+ ρg

∂A2

∂z
− 1

3
Cγ∇2A

3
2 = 0 (2.15)

where z and x are the vertical and horizontal coordinates. The differential

operator is ∇ = ( ∂
∂x
, ∂
∂z
).

The equation 2.15 can be written in terms of dimensionless quantities

by introducing length scale as x0= 27/1212−1/2V
1/3
b = 0.433 V

1/3
b . Here the

bubble volume, Vb = 4π
3

(d
2
)3 [82]. A dimensionless Plateau border area α

= A/x2
0 is chosen, so that the liquid fraction ϕ1 becomes numerically equal

to α. The time scale is take as t0 = 150µ x0 /(Cγ). The Bond number B0

= ρ gx2
0/(Cγ) is introduced to measure the importance of gravitational flow

over surface tension [83]. Taking the vertical coordinates as ξ = z/x0 and

horizontal as η = x/x0 respectively, we get

∂α

∂t
+

∂

∂ξ
(B0α

2 −
√
α

2

∂α

∂ξ
)− ∂

∂η
(

√
α

2

∂α

∂η
) = 0 (2.16)

Equation 2.16 represents the two dimensional drainage equation where the

terms in parentheses are the flow rates along the vertical and horizontal

directions [13].
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2.2.7 Applications of Foam

� Home, personal care products, food and beverages: Foam is

used by each and every individual at home in the form of toothpaste,

shower gel, shampoo, shaving foam, whipped cream, hair mousse, clean-

ing products, detergents, coffee, beer, champagne, dessert mousse, bread,

cake, ice cream, whipped cream etc. Foam makes the food soft and cre-

ates a sensation of lightness and creaminess. The high backscattering of

light is associated with brightness of foam and thus cleanliness [1, 84].

� Industries: Foams used in various industries are outlined below:

a) Fire fighting: Fire caused by burning liquid cannot be extinguished

by water due to fact that the burning liquid is generally lighter than

water. Thus fire-fighting foam comes into application where it spreads

on the surface of the burning liquid and spontaneously extinguishes

the on-going fire as well as suppresses re-ignition. Fire fighting foam is

generated by mechanical agitation of a dilute surfactant solution, water

and air [85].

b) Agriculture: Surfactants are used for removing contamination from

soil by solubilising the contamination in foam and helping microorgan-

isms to degrade it [86].

c) Petroleum extraction, removal of oil spills: Recovery of petroleum is

enhanced by using foam [87]. The oil spilled on sea water causes eco-

nomic and environmental damage. Foams of polyurethanes are applied

on oil spill to provide a neat method for clean-up [88].
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d) Ore purification: Separation of metals is done using the process of

flotation. Pulverized ore is mixed with a surfactant solution and is

agitated to form foam. Bubbles along with the hydrophobic particles

rises up to form foam while the hydrophilic part settles at the bottom.

This process is carried out in various steps for enhanced recovery [89].

2.3 Emulsions

Emulsions are colloidal suspension of two or more immiscible liquids where

one is dispersed as minute globules into the other, stabilized by emulsifi-

ers. Emulsions have variety of applications including food emulsions like

mayonnaise, butter salad creams, desserts and beverages; personal care and

cosmetics, hand creams, lotions, hair sprays; pharmaceutics like anaesthet-

ics of O/W emulsions, lipid emulsions and latex emulsions. Emulsions are

also used in polishes, pesticides and metal cutting oils. The process of mix-

ing two liquids in order to prepare emulsion is known as emulsification [90].

Oil droplets dispersed in a continuous aqueous phase vary in shape and size

depending on the composition and process conditions. Emulsions can be

classified as either oil-in-water (O/W) where the dispersing medium is wa-

ter and water-in-oil (W/O) type where the dispersing medium is oil. The

type of emulsion formed depends on many factors like oil-water ratio, mo-

lecular structure and concentration of the surfactant, presence or absence of

electrolytes, temperature and pressure [91].

The O/W emulsions are generally produced with hydrophilic surfactants

while W/O are stabilized by surfactants that are more soluble in oil than in
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water [92]. The ability of an emulsion to keep its properties unchanged over

a period of time is referred to as emulsion stability. The stability of emulsion

is dependent on a large number of factors including the nature of interfacial

film, the viscosity of the continuous medium, oil-water ratio, droplet size

distribution, temperature and presence of electrostatic or steric barriers on

the droplet [1]. Emulsion properties as well as stability depend on many

phenomena like creaming, coalescence, flocculation, Ostwald ripening etc.

They are illustrated in Figure 2.8.

Ostwald Ripening 

Ostwald Ripening/ 

Coalescence 

Coalescence Coalescence 

Coalescence 

Floccula�on 

Creaming 

O 

W 

Figure 2.8: Mechanism involved in destability of emulsion.

Creaming : Droplets of emulsion differ in density from the continuous

medium and move up or down through the continuous phase due to gravity.

Droplets of lower densities move up to form a layer of emulsion droplets at

the top known as creaming. Since the density of oil is lower than water, the

droplets of O/W emulsions undergo creaming. Creaming can be reduced by

reducing droplet size, minimizing density difference between the two phases
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and increasing droplet concentration [93].

Coalescence: Emulsion droplets frequently collide with each other due

to Brownian motion, gravity or mechanical agitation leading to aggregation.

Coalescence is the merging of two or more droplets to form a single large

droplet by rupture of the film separating them. This results in the forma-

tion of a layer of oil at the top of O/W emulsion [94]. It is an irreversible

process. The driving force for coalescence is surface or film fluctuation which

leads to closer approach of the droplets where the Van der Waals forces are

strong to prevent separation. The rupture of film depends on the properties

of the emulsifier absorbed at the droplets and also on the continuous phase

properties. Prevention of droplet coalescence is an important factor in emul-

sion stabilization which can be achieved by reducing droplet contact and film

rupture [17].

Flocculation: Aggregation of droplets as a result of Van der Waals attrac-

tion, without any change in primary droplet size is flocculation. It occurs

when repulsive forces are insufficient to keep the droplets beyond the in-

fluence of Van der Waals attraction [95]. Flocculation is considered as an

instability process which can be reversible (weak flocculation) or irreversible

(strong flocculation) [96]. The creaming rate of the emulsion depends on

flocculation. The presence of flocs increases the emulsion viscosity which

may not be favourable for some food products [97]. Creating a network of

flocs in emulsion is advantageous in modifying or controlling the texture of

some products. For this an understanding of flocculation is important. The

effective way to control the rate and extent of flocculation is to regulate the

colloidal interactions like steric, electrostatic, hydrophobic, etc. between the
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droplets.

Ostwald Ripening : The process of gradual growth of smaller to larger

droplets due to mass transport of soluble dispersed phase through the con-

tinuous phase [98] is Ostwald ripening. Instability in food emulsion may be

caused due to Ostwald ripening. It can be reduced by using emulsifiers that

do not increase the oil solubility so that the bubble size remains small.

2.3.1 Surfactants as Emulsifying Agent

The ability to form emulsion is one of the important characteristics of a sur-

factant. Surfactants help to stabilize the emulsion by reducing the interfacial

tension at oil-water interface. Due to their amphiphilic character, the sur-

factants have their hydrophilic moiety in water and hydrophobic moiety in

oil. They replace the water and oil molecules at the original interface. This

leads to reduction of interfacial energy as the direct contact between oil and

water has been reduced [93].

When large amount of surfactant adsorbs at the interface, the interfa-

cial tension is reduced and a barrier is formed by the surfactant molecules

delaying the coalescence of droplets by electrostatic and/or steric repulsion.

The formation of an emulsion requires input energy to disperse one liquid

as droplets into the other liquid increasing interfacial area [91]. The time

required by the surfactant to absorb at the interface is important. The sur-

factant must quickly absorb at the interface for the interfacial tension to be

modified to facilitate droplet disruption and prevent coalescence. Low con-

centration of surfactant fails to provide a protective layer around the droplets
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due to which the droplets tend to coalesce as they collide [93].

2.4 Surface Wetting

The phenomenon of spreading of a liquid droplet on a surface is known as

wetting [99]. It involves one interface being replaced by another and also

the interaction of a liquid with a solid. It helps to determine solid/liquid

interactions and to characterize a surface. There are three types of wetting

related to interface replacement namely spreading, immersional and adhen-

sional [100]. Wetting is important for the removal of oil and dirt. It is

controlled by surface tension, diffusion, concentration and composition of

the surfactant solution and the nature of the surface to be wet [101]. It plays

a vital role in industries such as froth flotation, oil recovery, surface cleaning,

cosmetics and detergency [102]. Wetting of a surface depends on its contact

angle, the angle between the solid-liquid and liquid-air interface. Complete

wetting occurs when the contact angle is 00 and non-wetting occurs when

the contact angle is 1800. Both are ideal cases, in actual situation the values

lie between 00 and 1800 [8]. Figure 2.9 illustrates a schematic representation

of complete and partial wetting.

Wetting is directly associated with contact angle measurement as well as

surface tension of the liquid. It can be enhanced using aqueous solutions

of various surfactants. Surfactant molecules increase the rate of interfacial

replacement by reducing the surface tension of water. The solution can eas-

ily penetrate and wet the surface. In addition, the wettability of surface

increases due to adsorption of surfactant at the solid liquid interface which
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Figure 2.9: Schematic representation of complete and partial wetting.

reduces contact angle. Increase in wetting ability is important where com-

plete contact of a solid surface with the liquid is required such as in textile

industries where wetting of fibres is necessary for effective dyeing and clean-

ing [8].

2.5 Dirt Dispersion

The cleaning ability of a surfactant can also be studied by Dirt Dispersion

(DD). It is the quantity of dirt that gets attracted to foam. The dirt that is

present in the foam is difficult to rinse while cleaning and it may redeposit

at the surface. The efficacy of a surfactant is defined in terms of DD. DD

has been investigated by many workers only qualitatively by eye estimation

[16].
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2.6 Environmental Effects

The surfactants after use are disposed and dispersed to different sections of

the environment. Surfactants enter the aquatic environment through waste-

water discharges [103]. Thus either directly (wastewater discharges) or in-

directly (contaminated rivers) the marine system receives almost continuous

input of surfactants [104]. Poor degradation of surfactants based on alkyl-

benzenesulphonates cause the rivers and lakes receiving city waste waters

to be covered with thick foams. This curtails photosynthesis and oxygen

dissolution and cause ecological damage. Around 1965, environmental laws

were passed in developed countries to restrict the use of alkylbenzene sulph-

onates, leading to the development of linear alkylbenzene sulphonates [19].

Phosphate content of surfactants cause eutrophication, a slow ageing process

during which a lake, river, bay etc. deteriorates into a marsh and gets ex-

tinct. The important factor in eutrophication is the large growth of algae

which consumes the dissolved oxygen from water and causes suffocation to

fishes, other aquatic plants and animal life [105].

Studies on effects of surfactants on various aquatic organism, showed

acute and chronic toxicities caused by synthetic surfactants [27, 106]. Linear

alkylbenzene sulphonate, an anionic surfactant has toxic effect on aquatic

faunas, floras in soil [107], growth and development of plankton [108] and

aquatic life [109]. The filtering activity of oysters and mussels are inhib-

ited by synthetic surfactants [26]. Toxicity of surfactants passes in animals

through animal feeding and skin penetration. Higher concentration of sur-

factants in water lead to their penetration into the gills, blood, kidney, pan-
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creas, gallbladder, liver and causes aquatic toxicity effect [110]. The toxic

effects of seven surfactants on six fresh water microbes showed that cationic

surfactants are more toxic than anionic and non-ionic surfactants [27]. The

toxic effects of surfactants on humans, aquatic plants, microorganisms, in-

vertebrates and crustaceans also follow a similar trend [111]. Problems arise

in the reproductive systems of fish grown in surfactant contaminated waters

[112].

High surfactant content in water affects the growth of algae and other mi-

croorganisms which results in decreased productivity of water bodies thereby

affecting the food chain. Toxic metabolites of surfactants in waste-water and

digested sludge cause many problems. Surfactants cause health hazards like

dermatitis, respiratory irritation, eye irritation etc. [113]. Sodium dodecyl

benzene sulfonate when absorbed through the skin results in damage of liver

and it is carcinogenic [114].

Inspite of these problems, environmental hazard causing surfactants are

excessively used and get deposited on land and water systems [115]. With

regard to the effects of surfactants on the environment, it becomes necessary

to search for a suitable alternative to overcome these problems. One of the

alternatives could be natural surfactants.

2.7 Natural Surfactants

Naturally available substances present in plants and animals, and fatty acid

esters of sugars and amides which help to reduce surface tension are called

natural surfactants [30, 116]. Potential advantages of these surfactants are
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biodegradability, lower toxicity, biocompatibility and low cost. The natural

surfactants are effective at extreme conditions like temperature, pH and sa-

linity [117]. The major class of surfactants obtained from nature includes

oleochemical surfactants, microbial surfactants and plant based surfactants.

The oleochemical surfactants are obtained from plant oils (like palm oil,

coconut oil) and animal fats like fish oil, tallow etc by suitable chemical reac-

tion. Microbial surfactants commonly known as biosurfactants are produced

by yeast, bacteria and fungi. Biosurfactants are ionic as well as non-ionic

having antibacterial and antiviral properties. Plant based surfactants are

called saponins which comes from the latin word sapo which means soap.

Saponins are non-ionic in nature. Its name comes from its ability to form

stable foams in aqueous solutions [118]. This work is based on studies on

saponins.

Saponins are non-volatile naturally occurring surface active glycosides

with high molecular weight consisting of one or more sugar chains connected

to a triterpene (C30) or a steroid (C27) aglycone backbone. The non-sugar

part (aglycone) of the saponin is known as the sapogenin. The combination

of hydrophobic (fat soluble) sapogenin with a hydrophilic (water-soluble)

sugar part makes a saponin a surfactant. Foaming is an important property

used in identification and quantification of saponin containing plant species.

Saponins reduce the surface tension of water and give stable foams. Accord-

ing to the structure of sapogenin, the saponins are divided into two major

classes namely (1) triterpenoid and (2) steroid as shown in Figure 2.10.

Depending on the number of sugar chains, saponins are classified as

monodesmosidic or bidesmosidic. Monodesmosidic saponins consist of a
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Figure 2.10: Structures of (a) triterpenoid (b) steroid sapogenins.

single sugar chain generally attached at C-3. Bidesmosidic saponins com-

prises of two sugar chains one attached through an ether linkage at C-3 and

the other attached through an ester linkage at C-28 (triterpene saponin)

or an ether linkage at C-26 (furastanol saponins) [119]. The sugar chains

are generally galactose, glucose, glucuronic acid, methylpentose, xylose and

rhamnose [120]. Large number of functional groups like (-OH, -COOH, -CH3)

are present in both steroidal and triterpene sapogenins.

Saponin is present in large number of plants. Some lower marine organ-

isms like sea cucumbers use it as a defence. The commonly eaten plants con-

taining saponin are soyabeans, chickpea, peanuts and spinach [121]. Triter-

penoid saponins are found in beans, soyabeans, peas, sugar beet, spinach,

quinoa, tea whereas steroidal saponins are found in oats, capsicum, auber-

gine, tomato, potato, onion, garlic and asparagus [122]. Saponin concentra-

tions in these products range from 0.1 to 2% in dry matter [123]. They are

bitter in taste and cause throat irritation. Many plant drugs and folk medi-

cines contain saponin [124] which are weakly acidic due to the hydrolysis of

glycosides [125]. Water and alcohols like methanol and ethanol are the most

common extraction solvents for saponins.
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2.7.1 Saponins as Surfactants and Emulsifiers

Saponins are surface active compounds having detergent, wetting, foaming

and emulsifying properties, due to their amphiphilic nature [126]. The foam-

ing property of saponin is due to the combination of the non-polar sapogenin

and water soluble side chain, a structure similar to most synthetic surfact-

ants having hydrophilic and lipophilic parts. The lipophilic part may con-

sist of steroidal or triterpene structure while the hydrophile consist of sugar

chain differing in length, branching, substitution and composition (glucose,

galactose, rhamnose, arabiose, xylose, apiose and uronic acid) making it a

non-ionic surfactant. The best foaming characteristics are exhibited by one

sugar chain saponins. As the number of sugar chains (two or three) increases

the foaming decreases.

The emulsifying properties of saponin are not affected by alkaline or acidic

conditions due to their non-ionic nature. Saponins form micelle-like aggreg-

ates when mixed with water [127]. An abrupt change in many physical

properties is observed when the concentration reaches the CMC, micelles are

formed. The micelle forming property as well as the number of monomers

in a micelle is affected by temperature, pH and salt concentration. CMC in-

creases with temperature and pH while it decreases with salt concentration.

Surface activity and emulsion stability is strongly influenced by the presence

and location of carboxylic acid in the saponin molecule [128].
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2.7.2 Applications of Saponin

Saponins exhibit a variety of useful biological properties such as antioxid-

ant, antimicrobial, anticarcinogenic, antidiarrheal, anticoagulant, antiinflam-

matory, antiulcerogenic, antioxytoxic, immunostimulant. They exhibit other

properties like hypocholesterolemic, neuroprotective anticoagulant, hepato-

protective, hypoglycemic, antiallergic, antihepatotoxic, antifungal, antiviral,

cytotoxic, inhibition of dental caries and platelet aggregation [122, 129].

Saponins are also useful in diabetic retinopathy and reproduction. The an-

timicrobial property of saponins provides a defense system to inhibit mould

and to protect plants from insects [130]. Physicochemical and biological prop-

erties of saponins have led to large number of applications in food, cosmetics,

agriculture products and pharmaceuticals. The market demand for saponins

has increased in recent years due to its natural sources as well as biological

activities. Being natural non-ionic surfactants they have widespread use as

detergent, foaming and emulsifying agents [131]. Saponins are being used as

natural surfactants in personal care products like shower gels, liquid soaps,

hair conditioner, mouth washes and toothpastes [132]. Saponins have also

been marketed as bioactive ingredients in cosmetic formulations [133] and

prevention of acne [134].

In addition to surface activity, they are used as feed additives [135], ve-

getable and bacterial growth regulators [136] and also for soil remediation

[137]. The commercial sources of saponins include soap bark tree (Quillaja

saponaria), horse chestnut (Aesculus hippocastanum) soapwort (Saponaria

officinalis) and Mohave yucca (Yucca schidigera) extracts [131] while tea
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seeds have also been investigated [135]. The concentration of saponin in

Quillaja saponaria and Yucca schidigera are very high reaching 10% of dry

matter. The extracts of Quillaja are used for food, beverages as well as an

emulsifier due to its foaming properties. They are also used in ore separation,

photographic emulsions, cosmetics and shampoos [127].

Saponins are also used as health beneficial food components due to their

anticancer and cholesterol lowering properties, e.g. onion, garlic, soyabean

etc [127]. Pharmaceutical application of saponin include immunological ad-

juvants [138], active ingredients in natural health products [131] and as a

raw material for hormone production [129]. The triterpene type saponin is

patented as an effective component for fire-fighting foams in United States

[139]. Thus saponin, a natural surfactant, causes lesser environmental bur-

den in addition to its varied applications in food, agriculture, cosmetics and

pharmaceutical industries leading to extraction and identification of saponin

in different plant species.

2.8 Plants Used in this Study

Natural surfactants have thus gained importance due to economical, health

and environmental aspects. Due to the enormous application of saponin in

various fields, a study was conducted to evaluate saponin as natural surfact-

ants for its surface active properties from the regions of Sikkim and West

Bengal. Saponin extracted from five different plants were studied and are

described in detail below.
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2.8.1 Sapindus mukorossi (Ritha)

Sapindus mukorossi (Ritha or soapnut) is a deciduous tree growing in trop-

ical and sub-tropical Asia [140]. It belongs to Sapindaceae family. The fruit

is traditionally used as a shampoo, to clean woollen fabrics and to restore

the brightness of precious ornaments. It is known for antimicrobial property

and is used for treatment of common cold, pimples, constipation, nausea, mi-

graine, eplipsy, chlorosis, eczema, psoriasis and gonorrhoea [140]. It has been

used for the development of spermicides [141] as well as for the formulation

of contraceptive cream [142]. It can be used in oil recovery, in contaminated

soil washing [143, 144], solubilization of foreign materials present in muga

silk [145], for biodiesel production etc [146]. Antibacterial and antifungal

properties of the extract make it a potential candidate to cure dental caries

[147]. The saponin has been classified as non-toxic and non-dermal irritation

by the toxicological test on rats and rabbits [148]. It has also been reported

that external use of saponin in washing has no toxic effects on human eyes

and skin [137]. Large number of studies on Sapindus mukorossi have dealt

with extraction, isolation and identification of saponin [149, 150, 151, 152]

but very few investigations have focussed on the surfactant activity of this

plant [24, 36, 117, 153].

2.8.2 Albizia procera (Seto Siris)

Albizia procera (Seto Siris or White Siris) is a medium sized deciduous tree

which grows in moist deciduous and semi evergreen hill and swamp forest of

sub-Himalayan tracts, Gujarat, South India and Andamans. It belongs to
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the family Fabaceae. It has been used for hedges, street trees and also as

animal feed. This plant is traditionally used as anticancer agent [154] and in

the treatment of pain, convulsions, delirium and septicemia [155]. The bark

is used for the treatment of rheumatism, diarrhea, haemorrhage, for stomach-

ache, pregnancy related problems, as an astringent, while the leaves are used

on ulcers, wounds and have insecticidal properties [156]. It is also used for

urinary tract infections, haemorrhoids, fistula and worm infections. Arial

parts demonstrate promising hepatoprotective effect suggesting that it could

be used as a therapeutic agent for protection from overdose of paracetamol

[157]. The gum obtained from this plant can be used as a drug release

retardant in controlled release matrix systems [158]. Studies show that the

bark can be used as anti-HIV-1 IN agent for treating HIV infections [159].

To our knowledge this is the first report of surface active properties of the

leaves and stem of Albizia procera [25].

2.8.3 Zephyranthes carinata (Pyagi Phool)

Zephyranthes carinata (Pyagi Phool or Pink Rain Lily) is a perennial flower-

ing plant growing in the moist areas of the Himilayas. It belongs to Amaryl-

lidaceae family. It has bright pink flowers with globular 2-3 cm bulbs. It is

used in Chinese medicine to treat fever and also as a poultice for abscesses.

It is widely used as an ornamental plant [160, 161]. Isolation of phenolic

base named carinatine and pretazettine from the bulbs of has been reported

[162]. The lectins were studied for antiviral activity against a strain of vac-

cinia virus in vitro [163]. The isolation, structural elucidation and cytotoxic
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activities of alkaloid have been reported [164, 165]. It was also seen that

alkaloid fraction exhibited significant acetylcholinesterase inhibitory activity

[166]. According to our literature survey and our knowledge this is the first

report of surface active properties of the bulbs.

2.8.4 Acacia concinna (Shikakai)

Acacia concinna (Shikakai) is a bush found in tropical rainforests of southern

Asia belonging to the family Fabaceae. It is also called fruit for hair. The

pods contain saponins of acaciac acid with acidic pH, beneficial for the scalp.

The pods are tradionally used for washing hair, promoting hair growth and

also as foaming agent [25]. The plant is used as a purgative, emetic and

an expectorant [167]. The seeds have been used as a folk medicine. It

has been investigated as an eco-friendly acidic surfactant type catalyst for

different chemical synthesis [168]. Immunological adjuvant activity of the

saponins has also been reported [169]. Large number of studies on isolation

and characterization of the seeds [170] and pods have been carried out [171,

172, 173, 174, 175]. Surfactant activity studies of the pods are relatively very

few [25, 176].

2.8.5 Juglans regia (Okhar)

Juglans regia (Okhar or walnut) of family Juglandaceae, is a woody, decidu-

ous and frost tender tree around 20 m high. It is found in China, Iraq,

Mexico, Spain, Turkey, Nepal, India (forest in Himalayas). It is traditionally

used in Indian (Ayurvedic) and Greco-Arab (Unani-tibb) medicine for the
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treatment of different ailments like sinusitis, cold stomach ache and cancer.

The bark is dull blackish brown and is used as a toothcleaner and as a dye

for colouring lips [177], in arthritis, skin diseases, toothache, hair growth

[178]. It is also used for anti-inflammatory, blood purifier, anticancer and

laxative activities [179]. The leaves are used as an astringent, antimicrobial,

antifungal, antihelmintic, diuretic and detoxifier [180] and also for treatment

of fever, rheumatic pain [181], diabetes, asthma [182], prostate and vascu-

lar disturbance [183], scalp itching, dandruff, sunburn and superficial burns

[184]. The bark of this plant is used as a protective agent against toxicity of

anticancer drugs and cyclophosphamide [185]. Bark extracts have also been

reported to exhibit antibacterial, anticandidal, antioxidant [186], antifungal

[187, 188] and antimicrobial activities [189]. In folk medicine the shell is used

to heal malaria [190]. This is the first report of surface active properties of

the bark of Juglans regia.
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Chapter 3

Material and Methods

This chapter describes the materials used in the thesis and the experimental

techniques used to study them. I begin with a description of the plant based

and synthetic surfactants studied. This is followed by the details of the

experimental techniques used in this work.

This chapter discusses the techniques used to characterize natural surfact-

ants such as Thin Layer Chromatography, Column Chromatography, UV-

Vis Spectroscopy, Fourier Transform Infrared Spectroscopy and Gas Column

Mass Spectrometry. Also, one shot forced drainage experiment in natural

surfactant system is described.

3.1 Materials

3.1.1 Natural Surfactants

Natural plant based surfactants used for this study are outlined in Table 3.1.

62
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Table 3.1: Natural surfactants used for the present study.

Scientific Name Common Name Family Part Used Habitat
Sapindus Ritha Sapindaceae Fruit pulp India
mukorossi Gaertn. Nepal
Albizia procera Seto Siris Fabaceae Leaves Himalayas,
(Roxb.) Benth. Gujarat,

South India
Zephyranthes Pyagi Phool Amyrilladaceae Bulb Himalayas
carinata Herbert
Acacia concinna Shikakai Fabaceae Fruit(Pods) Asia,
DC. Central and

South India
Juglans regia Okhar Juglanduceae Bark China, Iraq,
Linn. Nepal,

Himalayas

Sample Collection

The plants were bought/collected from various areas of Darjeeling, Siliguri

and Sikkim as given below.

� Sapindus mukorossi pulps and Acacia concinna pods were bought from

local market, Mahavirsthan in Siliguri.

� Albizia procera leaves were collected from Neeha Busty in South Sikkim.

� Zephyranthes carinata bulbs were collected from Mirik in Darjeeling.

� Juglans regia barks were collected from Bhutia Busty in Darjeeling.

Identification of the Plants

The plants have been identified, referred and authenticated by Dr T. K.

Mandal, Research Officer (S-2), Central Council for Research in Ayurvedic
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Sciences, Department Of AYUSH (Ayurveda, Yoga and Naturopathy, Unani,

Siddha and Homoeopathy), Ministry of Health and Family Welfare, Gov-

ernment of India, Ayurveda Regional Research Institute, Tadong, Gangtok,

Sikkim, India. Some plant parts have also been identified by Mr. Manoj

Chettri, Range Officer, Directorate of Forests, Lloyd Botanic Garden, Dar-

jeeling, Government of West Bengal. The letters of identification of the

plant parts are provided in Appendix. Figure 3.1 below shows the parts of

the plants used to extract surfactants.

Figure 3.1: (a)Sapindus mukorossi fruit pulp (b) Albizia procera leaves (c)
Zephyranthes carinata bulbs (d) Acacia concinna pods (e) Juglans regia bark.

3.1.2 Synthetic Surfactants

Synthetic surfactants, available in the local market used in this study are

mentioned in Table 3.2. They were bought from the local market. Samples

were weighed using a digital balance.
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Table 3.2: Synthetic surfactants used for the present study.

Powdered Surfactant Liquid Surfactant Shampoo
Henko Ezee Johnson’s Baby Shampoo

(Batch No. C/HSCP15/0313) (Lot No. 130114B ) (Lot No. BB9087)

3.1.3 Other Materials

The materials and chemicals used to carry out this study are listed as follows:

� Millipore Milli-Q water of resistivity 18.2 MΩcm, surface tension 71.5

mN/m and pH 6.5-7 was used to prepare surfactant solutions.

� Whatman Filter paper No. 1 was used to filter surfactant solutions and

as Wilhelmy Plate for surface tension measurements.

� Salt (Tata, Batch number-AF115A2) was used to study effect of addit-

atives.

� Refined soyabean oil (Fortune, Batch number-(AH) SB06C05) was used

for studying emulsifying properties.

� Coconut oil (Parachute oil, Lot number- KA003), paraffin wax (from

candles available in the market) and hexane (high purity grade from

Merck) were used for studying cleaning.

� India ink (Camel, Batch number A1205) was used for dirt dispersion

measurements.

� Cotton bleached Poplin cloth Sort No. 22125003 from Manoj Fabrics,

Ahmedabad, India was used for studying wetting and cleaning proper-

ties.
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� Colouring dye (blue) and nitrogen gas (99% pure)- for drainage exper-

iments.

� Pre-coated TLC plates (Silica gel 60 F254 (Merck)) were used in Thin

Layer Chromatography.

� Silica gel (Merck 60-120 mesh, 15×100 cm) was used for Column Chro-

matography.

� Ethanol, chloroform, acetone, methanol, petroleum ether, n-butanol,

ethyl acetate, glacial acetic acid, sulphuric acid, phosphomolybdic acid

were used for extraction and characterization of the natural surfactants.

All the chemicals were of high purity grade and obtained from Merck.

3.2 Experimental Techniques

3.2.1 Extraction of Natural Surfactants

Natural surfactants were extracted using water and methanol. Water extracts

were used to study surface, foam and drainage characteristics while methanol

extract were used for characterization.

Before extraction of natural surfactant, the required parts were segreg-

ated. The outer pericarp of Sapindus mukorossi and the pods of Acacia

concinna were separated from the seeds. Albizia procera leaves were separ-

ated from the stem while Zephyranthes carinata bulbs were segregated from

the leaves. The bark of Juglans regia were chopped into small pieces. The

segregated parts of the plants were thoroughly washed with water and shade
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dried at room temperature (20 ± 2)0C. The dried sample were crushed using

a mortar and pestle and weighed with a digital balance.

Water Extraction

The plant samples were extracted with water. Sapindus mukorossi (30 gm),

Albizia procera (30 gm), Zephyranthes carinata (30 gm), Acacia concinna

(30 gm), Juglans regia (30 gm) were soaked in 100 ml Milli-Q water and

macerated for 24 hours at room temperature. The solutions obtained were

filtered in Whatman filter paper no. 1 using a Buchner funnel.

Calculation of Concentration

Initially the concentration of the natural surfactant was calculated with the

help of a specific gravity bottle. The concentration C was taken as

C = ρwater × (m3 −m2)/(m2 −m1) (3.1)

where ρwater is density of water, m1 is mass of empty bottle, m2 is mass of

bottle filled with water, m3 is mass of bottle filled with solution.

Later, the concentration was calculated following the method developed

by Kommalapati et al. and Roy et al. with slight modifications [137,

191]. The filtrate obtained was evaporated with a rotary evaporator (Bu-

chi, Switzerland/R-3) at 40-50 0C on a water bath. Sapindus mukorossi gave

a brownish paste (10.5 gm), Albizia procera gave a yellowish green paste (1.4

gm), Zephyranthes carinata gave a whitish paste ( 2.7 gm), Acacia concinna

gave a reddish brown paste (11.5 gm) while Juglans regia gave a dark brown
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paste (1.3 gm). The extracts were weighed and dissolved in Milli-Q water

and diluted as required. All the experiments were performed at least thrice

and an average of the results were taken.

Methanol Extraction

Powdered plant samples Sapindus mukorossi (90 gm), Zephyranthes carinata

(90 gm) and Juglans regia (90 gm) were extracted with 450 ml 70 % meth-

anol by maceration for 72 hours at room temperature. The other two plant

samples Albizia procera (40 gm) and Acacia concinna (40 gm) were extracted

with 200 ml 70 % methanol by maceration for 72 hours at room temperature.

The extracts were filtered through Whatman filter paper no. 1 in a Buchner

funnel. The filtrate was evaporated and concentrated to about 50 ml with

a rotary evaporator (Buchi, Switzerland/R-3) at 40-50 0C on a water bath.

100 ml of Milli-Q water and 250 ml of water-saturated n-butanol were added

to the concentrated extract and shaken several times in a separating funnel.

The process was repeated several times. The upper n-butanol layer was sep-

arated and the solvent was evaporated and concentrated to about 10 ml to

get the saponin extract [192, 193]. Sapindus mukorossi gave a brownish paste

(20 gm), Albizia procera gave a yellowish green paste (3 gm), Zephyranthes

carinata gave a whitish paste (3 gm), Acacia concinna gave a reddish brown

paste (6 gm) while Juglans regia gave a dark brown paste (10 gm). The

extracts were diluted with methanol for further investigations. Figure 3.2

illustrates saponin obtained from different plant extracts.
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Figure 3.2: (a)Sapindus mukorossi (b) Albizia procera (c) Zephyranthes
carinata (d) Acacia concinna (e) Juglans regia.

3.2.2 Preparation of Synthetic Surfactants

The weighed samples were dissolved in 100 ml Milli-Q water and the concen-

trations were calculated. It was further diluted as required.

3.2.3 Surface Activity Measurements

Properties like surface tension, foaming, wetting, emulsification, viscosity,

conductivity, dirt dispersion and cleaning are essential criteria to character-

ize surface active materials. The various surface activity measurements are

underlined below.

Surface Tension Measurements

The most common method of determination of CMC is by surface tension.

Surface tension decreases with increase in concentration and then remains

constant after reaching CMC. The CMC values were obtained from the break

in the surface tension vs concentration plots. This method is fast, convenient

as well as non- destructive to the surfactant.

Surface tension was measured by Wilhelmy plate method [49, 194] us-

ing a Sartorius CPA-225 D Semi-Micro Balance with Density Measurement

Attachment at room temperature as shown in Figure 3.3. Whatman filter
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paper no. 1 was used as the plate. The filter paper was hung to the density

attachment of the balance with an S hook. A 100 ml glass beaker containing

80 ml of surfactant solution was placed on a jack, which was placed right

below the filter paper. The beaker was raised so that the filter paper went

partially into the solution and was held for about 30 minutes. The beaker

was lowered so that the lower end of the filter paper just touched the liquid

surface. The balance reading was made zero.

Figure 3.3: Experimental set-up for surface tension measurements
(a)Wilhelmy plate arrangement (b) Schematic representation of the medium.

The force F acting vertically on the filter paper by the liquid meniscus

was measured using the balance. Thus this force applied to the filter paper

is equal to the weight of the liquid meniscus lifted over the horizontal surface

of the surfactant solution. The beaker was lowered so that the filter paper

came out of the liquid surface. This measured the surface tension of the

surfactant solution. The surface tension is related to the force measured and

plate dimensions as described in Chapter 2, equations 2.4 and 2.5.

The beaker was cleaned with a detergent and washed thoroughly with

Milli-Q water, ethanol and finally rinsed with acetone before the experiment.
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It was then dried with a drier. The Wilhelmy Plate was made of 2.5 cm by

1 cm filter paper. The paper was first dipped in chloroform and left to dry

for some time. It was then dipped in Milli-Q water before the experiments

were performed. The paper was made completely wet before the experiment

so that the contact angle between the paper and the solution is zero. Freshly

prepared stock solutions were diluted to different concentrations and were

thoroughly mixed using a magnetic stirrer. The samples were stabilized for

10-15 minutes before the measurements.

Foam Formation

Formation of foam and it’s stability are one of the important parameter to

characterize a surfactant. The foaming ability and stability of the surfactant

solution depends on the chemical properties and composition of adsorbed

surfactant molecules. The foaming ability and stability of the surfactants

were investigated by Bikerman’s method and Bartsch test previously in my

M. Phil. work. In the present work the effect of salt on foaming capacity and

stability were studied using Bikerman’s method. The Bikerman’s method of

foam production is the most productive way to produce foam as mechanical

work is not required for air entrapment in the formation of bubbles [195].

Bikerman’s Method: Foam was generated by bubbling nitrogen gas at

a constant pressure through 40 ml surfactant solution placed in a cylindrical

column of length 100 cm and diameter 4.43 cm with a fritted glass filter G-2

at the bottom for gas dispersion. A solution was poured into the column

in a manner that no foam was produced. A gas flow rate of 2 litre/min

was maintained with a flow meter. The bubbling of gas was continued until
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the foam reached a constant height, a state of dynamic equilibrium. This

condition of equilibrium is attained when the rate of foam formation at the

bottom is equal to the rate of collapse of bubbles at the top. The equilibrium

height or foam volume attained by the foam showed the foaming ability.

After equilibrium condition is reached, the foam column height became

stable and the gas flow was terminated. The foam thus formed was allowed

to collapse without any disturbances. The decline of foam height against

time was monitored using a stop watch [196, 197, 198]. The duration of the

experiment depended on the nature as well as stability of foam from minutes

to hours to even days. The stability of foam was measured by finding the R5

value defined as the ratio of the foam height at 5 minutes to initial height

[199]. The effect of salt on foam height and stability with concentration was

measured for different surfactants. This experiment was carried out at a

room temperature of (20 ± 2)0 C. Every measurement was repeated at least

thrice and an average was taken. The experimental set-up is shown in Figure

3.4.

Barstch Test: Barstch test is also known as shaking tube method. A

100 ml measuring cylinder was taken in which 40 ml surfactant solution was

added and vigorously shaken by hand. The shaking had an amplitude of 5

cm and a frequency of 3 Hz. The measuring cylinder was left to stand and

the maximum height obtained was taken as the foaming ability. The decay

of foam (foam stability) was monitored using a stop watch [199].
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Figure 3.4: Experimental set-up for foam formation (a)Photograph showing
Bikerman’s method (b) Schematic representation of the system showing the
foam height as ’h’.

Surface Wetting Measurements

Surface wetting is an important parameter in characterizing the properties

of surface active substances. It is the capacity of the liquid to maintain

a contact with a solid surface, due to the intermolecular interactions when

two surfaces are brought together. The wetting test evaluates the ease with

which a surfactant solution can wet a given surface. The shorter it takes for

a solution of surface active substance to wet the surface, better is the wetting

agent.

Wetting was conducted on (5 × 5) cm cotton Poplin cloth using Canvas

disc wetting test with slight modification at (20 ± 2)0 C. 400 ml of surfactant
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solution was taken in a 500 ml beaker. The cloth was floated on the surface

of the solution. As the cloth touched the solution, a stop watch was started

and was stopped at the time the cloth began to sink in the solution. The time

required for the cloth to begin to sink was measured as wetting or sinking

time. The test was repeated several times using the same surfactant solutions

but with a fresh cloth each time for the test and an average of the wetting

time were taken [200, 201].

The yarn count of the cloth was (6593 ± 26.7) cm/g, surface mass (8.929

± 0.013) × 103 g/cm2, single thread linear mass (1.52 ± 0.04) × 104 g/cm

and thread count (130.8 ± 2.2)/cm2. The cloth had a water absorption

capacity of (95.25 ± 1.33) %.

Emulsification

Formation of stable emulsion is an essential characteristic of surfactants.

The nature of surfactant is responsible for formation of W/O emulsion or

O/W emulsion. In this work, I have investigated the efficacy of surfactant to

stabilize O/W emulsion at a room temperature of (20 ± 2)0 C.

Emulsification properties were investigated by taking 20 ml of surfact-

ant solution and 20 ml of refined oil in a 100 ml measuring cylinder. The

measuring cylinder was sealed from the top and vigorously shaken by hand

until a homogenous mixture was obtained. The frequency of shaking was

around 3 Hz with an amplitude of 5 cm. The cylinder was left to stand. The

separation of the surfactant solution from the emulsion was monitored with

of a stop watch. The time required for the separation of 10 ml of surfactant

solution from the emulsion was taken as a measure of emulsion stability [202].
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The emulsion formed is shown in Figure 3.5.

Figure 3.5: Photograph showing emulsion formed with Sapindus mukorossi
extract. The emulsion formed did not separate for 2 hours.

pH Measurments

pH of the surfactant solutions were measured at room temperature using

Thermo Scientific Orion 2 star pH Benth top. The pH meter was routinely

calibrated by the standards and buffers. Fresh surfactant solutions in Milli-Q

water were prepared. After proper mixing with the help of a magnetic stirrer,

the beakers were properly sealed with parafilm and the measurements taken

[24, 203].

Conductivity Measurements

Electrical conductivities of aqueous surfactant solutions are low at low con-

centrations and a sharp increase in conductance is seen owing to micelle
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formation. The study of conductivity is important above CMC to estimate

the region of micelle formation.

Figure 3.6: Photograph of conductivity measurement.

The conductivity measurements were performed with La Motte Conduct-

ivity/Temperature/pH pocket TRACER at room temperature as shown in

Figure 3.6. The cells were calibrated with standard solutions before meas-

urements. Fresh surfactant solutions were prepared in Milli-Q water. The

solutions were mixed with a magnetic stirrer. The change in the nature of

plots were considered as the CMC [203].

Viscosity Measurements

Fluids are generally considered to be consisting of molecular layers arranged

one on top of the other. Application of a shearing force on the liquid helps it

to flow. However, frictional forces between the layers offer obstruction to this

flow. The measure of frictional resistance is termed as viscosity of a liquid.

Numerous methods exist for measuring viscosity η. The most commonly
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method used to measure viscosity is based on Poiseuille’s law given by,

η =
πr4tP

8vl
(3.2)

where v is the volume in cm3 of the liquid flowing at time t seconds through

a tube of radius r cm, length l under hydrostatic pressure P. The viscosity

of a liquid with respected to water is called the relative viscosity ηr. If ts and

tw are the times of flow of surfactant solution and water respectively, then

ηr =
ηs
ηw

=
tsPs

twPw

(3.3)

As pressure (P) is proportional to the density (ρ), we get

ηs =
ηwtsρs
twρw

(3.4)

where subscripts s and w indicate the surfactant solution and water respect-

ively. Viscosity measurement is essential for surfactants as it gives inform-

ation about the region of micelle formation and also the types of micelles

formed. Aqueous surfactant solutions containing spherical micelles have low

viscosity [204]. Also, high viscosity stabilizes the foam.

The viscosities of the surfactant solutions were obtained using an Ub-

belohde Cannon Fenske Direct flow capillary viscometer (size 50, constant

0.00437) suspended vertically in a stand as shown in Figure 3.7. The vis-

cometer was cleaned and dried before every measurement. Fresh surfactant

solutions were prepared in Milli-Q water in a beaker. The solutions were

mixed with a magnetic stirrer. A constant volume of surfactant solution was
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Figure 3.7: Photograph taken while performing viscosity measurements.

poured into the viscometer. The time of flow of the solution through the ca-

pillary was measured with a stop watch. The measurement was done thrice

and an average of the measurement was taken. Viscosities were calculated

using the equation 3.4 [204, 205].

Dirt Dispersion

The quantity of dirt remaining in the foam, that is Dirt Dispersion (DD), is

an important parameter to study the cleaning ability of a surfactant. Dirt

that remains in the foam is difficult to rinse while cleaning and may redeposit

at the surface. Thus, efficacy of a surfactant is expressed in terms of DD [201].

Dirt dispersion in foam was studied by preparing fresh surfactant solu-

tions in Milli-Q water in a beaker at room temperature. The surfactant

solutions were mixed properly with a magnetic stirrer. Two 30 ml bottles
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Figure 3.8: Dirt dispersion of Sapindus mukorossi extract at various con-
centrations. (a)5.47×10−4 g/cc (b)1.09×10−3 g/cc (c) 2.19×10−3 g/cc (d)
4.38×10−3 g/cc (e) 8.75×10−3 g/cc (f) 1.75×10−2 g/cc (g) 3.50×10−2 g/cc.

were taken and 10 ml of surfactant solution were added to these bottles. One

drop (∼ 0.03 ml) of India ink was added to one bottle and mixed with the

solution. India ink was used as a model of dirt even though the behaviour

of ink and dirt may not be the same. The two bottles were simultaneously

shaken by hand until a foam was formed. The bottles were left to stand

and photographed against a white background. Adober Photoshopr 7.0

was used to analyze the gray scale of the foams in the photographs. DD was

measured as the ratio of gray scale at the same height for the two foams.

Figure 3.8 shows dirt dispersion at various concentrations. This is the first

approach for quantification of dirt as previously it has been studied only

qualitatively by eye estimation as heavy, moderate and light [15, 16, 206].

Cleaning

The most important aspect of a surfactant is removal of dirt, oil and grease.

The ability to remove dirt is a characteristic property of a surface active

substance. Cleaning action was tested on a (5 × 5) cm piece of cotton

Poplin cloth at room temperature. The cloth was soaked in water for 24

hours, dried and weighed (W1). Simulated dirt was prepared by taking 1
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gm of coconut oil, 1 gm of paraffin wax in 100 ml of hexane. The cloth

was dipped in simulated dirt. The cloth was then dried and weighed (W2).

400 ml of surfactant solution was taken in a 500 ml beaker. This cloth was

placed in the surfactant solution for half an hour and shaken. The cloth was

taken out, washed with water, dried and weighed (W3) [36]. The percentage

of cleaning was expressed using equation,

C =
(W2 −W3)

(W2 −W1)
× 100 (3.5)

3.2.4 Characterization Techniques

A large number of techniques can be used to determine and estimate the

presence of active components in the plant extracts. The most useful and

popular tools used for this purpose include chromatographic and spectro-

scopic techniques. The information generated from these techniques could

provide a complete understanding of the system. The presence of active con-

stituents and chemical composition of the natural surfactants present in the

plant extracts were characterized using the following techniques.

Thin Layer Chromatography

Thin layer chromatography (TLC) is a common and efficient technique used

to separate a wide variety of compounds of chemical and biochemical interest.

It is also known as planar chromatography. Chromatography was first in-

troduced by Mikhail Tswett in 1906. In 1938, Nikolai Arkadevich Izmailov

and Maria Semenovna Schreiber designed TLC with slight modification [207].
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It is a simple, quick and inexpensive method to know different components

and identify compounds present in a mixture. TLC uses a stationary and a

mobile phase under the principle of solubility Like Dissolves Like. The sta-

tionary phase consists of a solid sheet like glass, plastic or aluminium coated

with absorbent materials like silica powder, aluminium oxide or cellulose.

The mobile phase comprises of a single or a mixture of solvents. The mo-

bile phase is made to rise in the stationary phase by capillary action. The

sample is introduced into the mobile phase through a capillary tube. The

compounds get separated due to their solubility and retardation in mobile

and stationary phases. Compounds which dissolve in the mobile phase move

up the plate and others remain or travel to a smaller extent on the stationary

phase [208].

The movement of the compounds are expressed by its retention factor or

retardation factor (Rf ) given by:

Rf =
Distance travelled by the compound

Distance travelled by the solvent front
(3.6)

After the experiment is over, the TLC spots are studied. The Rf value can be

calculated by the TLC spots obtained when observed under UV light or when

heated after being sprayed with spraying agent. The distance travelled by

the compound and the solute front is noted and Rf calculated using equation

3.6.

TLC studies for this work were carried out following the methods provided

by Wagner et al [192]. Various solvent systems were used for eluting the TLC

plates. Better separation was observed in the solvent system Chloroform:
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Glacial acetic acid: Methanol: Water in the ratio 8:4:1.5:1. The solvents

were poured into a chromatographic glass chamber to a height of 0.5 cm.

The solvents were kept inside the chamber for 30 minutes to ensure proper

saturation. The prepared saponin extracts 20 µl were dissolved in methanol

and applied on pre-coated TLC plates (Silica gel 60 F254 (Merck)) using

capillary tubes at a distance of 1 cm from the edge of the plate. The applied

spots on the plate were dried at room temperature and the plates were placed

inside the glass chamber at an angle of 150 approximately as shown in Figure

3.9.

Figure 3.9: Photograph taken while performing Thin Layer Chromatography
on Sapindus mukorossi extract.

The chamber was left undisturbed until the solvent front reached 1 cm

from the top of the coated portion of the plate. The plates were taken

out gently and the solvent front was marked with pencil. The spots on the

plates were detected using UV light obtained from the UV chamber(Zenith
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Glasswares and Instrument Corporation) at short wavelength (254 nm), long

wavelength (366 nm) and derivatized using spraying reagents like anisaldehyde-

sulphuric acid reagent and Phosphomolybdic Acid (PMA) to identify the

compounds. TLC plates were dipped in anisaldehyde-sulphuric acid reagent

or Phosphomolybdic Acid (PMA) and the plates were heated for 5-10 minutes

at 100 0C for the development of color in separated bands. The colour of the

spots were observed and the Rf values calculated [209].

Staining Agents

� Phosphomolybdic Acid (PMA): 1.2 grams of Phosphomolybdic

Acid was mixed in 25 ml ethanol.

� Anisaldehyde-sulphuric acid reagent: 0.5 ml anisaldehyde was

mixed with 10 ml glacial acetic acid. 85 ml of methanol and 5 ml

of sulphuric acid was added [210].

Column Chromatography

Column Chromatography (CC) is useful for separation and purification of

compounds. It is a form of adsorption chromatography in which the station-

ary phase is a solid and the mobile phase is a liquid. A solid adsorbent is

placed in a vertical glass column (stationary phase) and the solvent (mobile

phase) is added from the top of the column and allowed to flow down either

by gravity or by application of external pressure. The solvent flows through

the stationary phase dissolving the compounds being studied. Various com-

ponents in the mixture have different interactions with mobile and stationary
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phases. As a result these components are carried over different distances by

the mobile phase. The different compounds get separated as individual com-

ponents or elutants which are collected at different time scales as solvent

drips from the bottom of the column [211].

Adsorbents used for CC include silica, alumina, calcium carbonate, cal-

cium phosphate etc. Solvent selection depends on the nature of the solvent

and the adsorbent. Separation of the components of the mixture depends on

the polarity of the solvent and adsorbent activity. Good but slower separa-

tion is achieved if adsorbent activity is high and solvent polarity is low and

vice versa. Thus proper selection of the eluting solvent is essential for CC.

Preliminary purification of the saponins of the different extracts were

performed using CC on silica gel (Merck 60-120 mesh, 15×100 cm) [212]. A

column 100 cm long and 2 cm in diameter was thoroughly washed with deter-

gent, rinsed with Milli-Q water and allowed to dry. A small piece of cotton

was inserted into the lower part of the column when the column was fully

dry. The column was held vertically by a clamp to a stand and a funnel was

attached to the open end. Silica gel was poured into the column, after which

the solvent (petroleum ether) was poured down the column. Homogenous

packing of the column was obtained by the flow of the solvent as shown in

Figure 3.10.

The saponin extracts were dissolved in methanol and were thoroughly

mixed with silica gel until the solvent evaporated. The extracts mixed with

silica gel were applied to the top of column as evenly as possible as distor-

tion of the column packing would lead to distorted bands. Initially 100 %

petroleum ether was used to run the column. Later, gradual increase of 2-5
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Figure 3.10: Photograph taken while performing Column Chromatography.

% ethyl acetate in petroleum ether was used to run the column. Finally, the

column was run with methanol. This was carried out in order to increase

the adsorption of different components. Various fractions of the extract were

eluted using varying proportion of petroleum ether, ethyl acetate and later

with methanol and were monitored by TLC [209]. Fractions having same

number of spots with same Rf values were combined and evaporated to give

major fractions.

High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) also known as High Pres-

sure Liquid Chromatography is an analytical technique used for separation,

identification and quantification of constituents of mixture of compounds.
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Here a high pressure upto 400 atm is applied with a pump to force the

solvent containing the sample to enter a column containing solid adsorbent

material. The adsorbent is a granular material made of silica or polymers of

size 2 µm to 50 µm. The absorbent acts as stationary phase. The pressurized

fluid consisting of solvents namely water, acetonitrile and methanol acts as a

mobile phase. The interaction of each sample component varies leading to a

difference of flow rates for each component. This in turn leads to separation

of components. The time at which a particular analyte rises and comes out

of the column is taken as the retention time [213, 214].

Figure 3.11: Schematic representation of High Performance Liquid Chroma-
tography.

The basic components of HPLC system are shown in Figure 3.11 and

discussed below [215]:

� Solvent Reservoir: The different solvents (polar as well as non-polar)

which constitute the mobile phase are kept in glass containers. The rel-

ative quantities of polar and non-polar solvents can be varied depending

on the composition of the sample.

� Pump: The mobile phase is pumped from the solvent reservoir into
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the column and then to the detector. The pressure applied depends on

the dimensions of the column, particle size, composition of the mobile

phase and the flow rate.

� Sample Injector: The sample is injected through computerized infu-

sion framework.

� Columns: The columns consist of cleaned stainless steel around 50

mm to 300 mm in length with inward distance across around 2 to 5

mm. The columns are loaded with solid adsorbent (stationary phase).

� Detector: The detectors help to distinguish the analytes as they come

out from the chromatographic column. Generally used are ultra violet

detectors, refractive index detectors etc.

� Data Collection Devices or Integrators: The signals generated by

the detectors are collected by the computer as a chromatograph.

Figure 3.12: High Performance Liquid Chromatography setup.
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HPLC analysis were performed using an Agilent technologies 1200 infinity

series along with a Diode Array Detector (DAD) attached to it as shown in

Figure 3.12. The sample was dissolved in 2 ml methanol and passed through

0.22 µm syringe filter. The mobile phase consisted of two solutions (A and

B). Solution A corresponds to 0.1 % Trifluoroacetic Acid (TFA) (v/v) in

water and B 0.1 % Trifluoroacetic acid (TFA) in methanol (v/v). However,

the gradient profile was water and methanol in varying proportions. The flow

rate was set at 1 mL/min. The injection volume of the sample was 5 µL.

Total running time of the sample was around 50 minutes. The experiment

was conducted at room temperature.

Ultra-Violet Visible Spectroscopy

The Ultra-violet Visible Spectroscopy (UV-Vis) uses electromagnetic radi-

ations between 190 nm to 800 nm. The sample molecules when exposed to

light have energy

E = hν (3.7)

where E is the energy in Joule, h is Planck’s constant and ν is the frequency

in Hertz. When this energy matches the electronic transition within the

molecule, the electrons are transferred from the ground state to an excited

state. This results in the absorbance of light. The frequency of the light

absorbed is related to the energy difference between the ground and excited

states [216].

Absorption wavelength is larger when the difference between ground and

excited state is small and vice versa. The absorption intensity depends on
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Figure 3.13: Transition between electronic states in a molecule.

the interaction probability between energy radiated and electronic system.

The wavelength at which absorption takes place is recorded by the spectro-

phometer. The maximum absorbance wavelength is represented as λmax.

Total energy of a molecule consists of sum of electronic, vibrational and

rotational energy. Absorption of energy in the UV region causes changes in

the molecules electronic energy. The π-electrons or the non-bonding electrons

(n-electrons) of the molecules, absorb UV or visible light to excite to higher

anti-bonding molecular orbitals. The transition between the bonding and

anti-bonding electronic states is illustrated in Figure 3.13. The basic principle

behind absorbance of light by the molecules in the solution is given by Beer-

Lambert’s law.

A = log
I0
I

= ϵ× b× c (3.8)

where A is measured absorbance (arb. units), I0 and I are intensities of the

reference and sample beam respectively, ϵ is molar absorptivity (M−1 cm−1),

b is sample path length (cm) and c is solution concentration (M).

The schematic representation of the UV-Vis spectrophotometer is illus-
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Figure 3.14: Block diagram of UV-Vis Spectrophotometer.

trated in Figure 3.14. UV-Vis spectrophotometer comprises of five compon-

ents.

� Source: The deuterium discharge lamp acts as a light source for UV

measurements while tungsten- halogen lamp is used for visible and Near

Infra Red (NIR) measurements. The lamp swaps automatically when

the scanning takes place between UV and visible regions.

� Monochromator: The light enters through the entrance slits into

the monochromator. The collimated beam is split into its compon-

ent wavelength by a grating or a prism. Radiation of one particular

wavelength leaves the exit slit. This beam splits into two halves as it

passes a set of mirrors.
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� Sample: One half of the beam passes through the sample solution

contained in a transparent quartz cuvette and the other half passes

through the reference, an identical cuvette containing only the solvent.

The scattering and reflection losses are minimized by using highly pol-

ished faces of the cuvette.

� Detector: The two beams are fed into detectors. The commonly used

detectors are photomultiplier tubes which amplify the resulting spec-

trum.

� Computer: The detectors are connected to the computer to get the

desired output [217, 218].

A Perkin Elmer Lambda 35 UV-Vis spectrophotometer was used for the

measurement. The peak positions were evaluated using Gaussian peak fit-

ting. The samples were prepared both in water and methanol.

Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a valuable tool for iden-

tification and characterization of compounds or functional groups present.

The FTIR spectra of pure compounds are considered to be molecular fin-

gerprint. Unknown compounds can be identified by comparing their spectra

with those to a library of known compounds.

Infrared spectroscopy (IR) is based on the principle that chemical bonds

in a molecule vibrate at specific frequencies. The infrared region of the elec-

tromagnetic spectrum have frequencies in the range ∼ 4000 cm−1 to ∼ 600
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cm−1. When a molecule is exposed to infra-red rays, it absorbs at char-

acteristic frequencies but transmits all other frequencies. The difference of

charge in the electric fields of atoms in a molecule produces a net dipole

moment. Due to this net dipole moment the molecules interact with the

infrared photons causing excitation to higher vibrational states. Each in-

teratomic bond vibrates with different vibrations (stretching or bending)

yielding different infrared spectrum [219]. Functional groups are thus detec-

ted by identifying the characteristic frequencies as an absorption band in the

infrared spectrum. The vibrational frequency is given by:

ν =
1

2π

√
k

µ
(3.9)

where k is the force constant and µ is the reduced mass.

The infrared spectrum of a molecule is divided into functional group re-

gion (4000 cm−1 to 1500 cm−1) and fingerprint region (1500 cm−1 to 400

cm−1). The bending vibrations are associated with the finger print re-

gion whereas the functional group region include stretching vibrations [220].

Strong peaks are generally produced by stretching vibrations than bending.

Conversely, weaker bending mode of vibration can be helpful in discriminat-

ing similar types of bonds like aromatic substitution. The different compon-

ents of an FTIR spectrometer are shown in Figure 3.15.

� Source: The radiation source consists of an inert solid electrically

heated to 1000 0C to 1800 0C. The different types of sources used are

Globar (constructed of silicon carbide), Nernst glower (constructed of

rare-earth oxides) and Nichrome coil. These sources produce continu-
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ous radiation with varying radiation energy profiles.

� Interferometer: The radiation produced passes through the interfer-

ometer. The radiant beams are divided due to changes in the relative

position of the moving mirror to the fixed mirror generating an optical

path difference between the beams producing repetitive interference

signals. The resulting beam thus passes through the sample.

� Sample: The beam from the interferometer enters the sample where

specific frequencies of energy characteristic of the sample get absorbed.

� Detector: The beam from the sample passes to the detector. The

frequently used detectors consist of mercury cadmium telluride and

triglycine sulphate. The detector detects time domain signal which

gets converted into frequency domain spectrum with the help of Fourier

transform.

� Computer: The measured digitized signal from the detector is sent to

the computer for Fourier transformation and is presented as an infrared

spectrum.

FTIR is a time domain (i.e. radiant power data is recorded as a function

of time) spectroscopy where all the frequencies are examined simultaneously.

The measurement performed with FTIR gives high resolution better accuracy

and high signal to noise ratio. IR spectroscopy can study any sample in any

state (liquid, powders, films etc.).

The presence of different functional groups in the plant extracts were ana-

lyzed using Bruker, Germany/ Alpha FTIR spectrometer. Before measure-
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Figure 3.15: Schematic diagram of FTIR Spectrometer.

ments the instrument was calibrated against air. The spectra were obtained

between 4000-400 cm−1 with a resolution of 4 cm−1.

Gas Chromatography-Mass Spectrometry

Gas Chromatography-Mass Spectrometry (GC-MS) is an analytical tech-

nique to detect and identify various substances within the sample that com-

bines the separation properties of gas-liquid chromatography with the detec-

tion features of mass spectrometry [221].

GC-MS consists of two main components. GC is a type of chromato-

graphy which uses carrier gas such as helium or nitrogen as the mobile phase.

The capillary column consists of a fine solid support coated with a nonvolat-

ile liquid as a stationary phase. The steam of helium gas helps the sample to

pass through the column. Different components present in the sample take

different times to pass through the column resulting in the separation of the

components. The MS acts as a detector for GC. The sample exiting the GC

column gets fragmented by ionization. It generally uses electron impact and
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chemical ionization techniques. The fragments thus obtained are sorted by

mass to obtain a fragmentation pattern also referred as a molecular finger-

print. The fragmentation pattern of given sample is unique thus identifying

the characteristic property of that component.

Figure 3.16: Schematic diagram of Gas Chromatography Mass Spectrometry.

Thus GC-MS fragments and identifies the analyte on the basis of its mass

to charge ratio (m/z). A specific spectral peak is obtained by each component

present in the sample. Retention time is taken as the time elapsed between

injection and elution of sample which helps to distinguish various components

in the sample. The quantity of sample present depends on the size of the

peaks measured from the baseline to the tip of the peak. The spectra thus

obtained is stored in the computer and then analyzed. GC-MS system is

shown in Figure 3.16.

GC-MS was carried out on a 7890 Agilent Gas Chromatograph coupled

to a mass spectrometer 240-MS/4000 MS. Agilent CP8994 column composed

of 5% phenyl methyl with a capillary J and W VF-5ms, measuring 30 m ×

0.25 mm × 0.25 µm was used at 3250C. Helium gas at a flow rate of 1 ml/min

was used as a carrier gas. The injection volume of the sample was 1 µm with
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a split ratio 20:1. Inlet temperature was maintained at 250 0C. The temper-

ature of the oven was programmed initially at 500C for 2 minutes, with an

increase of 100C/minutes to 2500C for 5 minutes. The mass range was from

30 to 650 m/z. The total running time for a sample was about 32 minutes.

GC-MS was analyzed using electron ionization system with ionization en-

ergy 70 eV. The data was evaluated using total ion count for compound

identification and quantification. Spectra of the components were compared

with the database of spectrum of known components stored in the GC-MS

library. Identification of the components and interpretation of GC-MS data

was conducted using data base obtained from National Institute of Standard

and Technology (NIST). The retention time, molecular formula, molecular

weight of the plant samples were obtained. This work was performed at

Metagenepro Tech, Hyderabad.

3.2.5 Forced Drainage Experiment

Aqueous foam consists of a dense packing of gas bubbles in a small amount

of surfactant solution. The liquid fraction is an important structure para-

meter for studying the properties of foam [80]. Dry foam has a low liquid

fraction while wet foam has a high liquid fraction. In aqueous foam there ex-

ists a small amount of surfactant solution in interstitial channels between the

bubbles. Large density difference in the gas causes the liquid to drain out of

the foam due to gravity. This phenomena of flow of the liquid due to gravity

and capillarity is called drainage. Drainage thus influences the liquid fraction

of a foam which is important for its stability. It is thus a complex physico-
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chemical hydrodynamic process [222]. Studies on foam drainage contributes

to improve industrial processes like recovery of oil, metallic foam produc-

tions, refining of ores, brewing and separation technology [77]. Forced foam

drainage consists of constantly pouring a surfactant solution into a foam at

a constant flow-rate. The liquid flows through network of channels between

bubbles as a result of gravity and capillarity [80].

Preliminary one-shot forced drainage in one and two-dimensions have

been performed in my M.Phil. work. This work is an extension of the

previous work. Here drainage wave is investigated with smaller bubble size,

higher concentration of the surfactant solution as well as high resolution

camera using two natural surfactant systems Sapindus mukorossi and Acacia

concinna. Using the gray scale as the indication of liquid fraction, we have

studied the drainage profile as well as the shape of the drainage pattern.

One-Shot Two-Dimensional Forced Drainage

One-shot two-dimensional forced drainage was studied as described by Hutz-

ler et al. [13] with a slight modification at room temperature. The experiment

was performed using a Hele-Shaw cell. The cuboidal glass cell was made by

fixing four rectangular glass plates, as shown in Figure 3.17. The cell is 26.7

cm high, 15.0 cm wide and 10.8 cm thick.

The surfactant solutions were prepared by extracting 300 gm of Sapindus

mukorossi or 320 gm of Acacia concinna in 2500 ml of Milli-Q water. The

concentration of Sapindus mukorossi and Acacia concinna solution were

4.69 × 10−2 g/cc and 5.25 × 10−2 g/cc respectively.

The surfactant solution was poured into the Hele-Shaw cell. Nitrogen
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Figure 3.17: (a) Photograph of one-shot two-dimensional forced drainage
experiment with Sapindus mukorossi solution when 0.5 ml solution was added
from top (b) One-shot two-dimensional forced drainage setup.

gas at a flow rate of 2 litre/min was bubbled through a porous glass frit of

diameter 30 mm G-1 inside the surfactant solution filling the Hele-Shaw cell

with monodisperse foam of small bubbles of diameter approximately 1 mm.

The flow of gas was continued until a uniform steady foam was produced.

40 ml of the surfactant solution was taken separately and 1 gm of dye

added to it. The solution was thoroughly mixed using a magnetic stirrer.

0.5 ml of this solution was added from the top of the Hele-Shaw cell with

the help of a funnel within one second near the center of the cell. The sharp

contrast between the blue colour of input solution and white background of

dry foam made the drainage wave easily visible [83]. The variation of foam

colour was monitored with the help of a digital camera (Nikon D3000, with

24.2 MP) mounted on a stand in front of the cell to provide high quality pic-

tures. The movement of the drainage wave along the vertical and horizontal

direction was monitored visually which gave an idea of flow of liquid due
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to gravity (vertically) and capillarity (horizontally). The wave velocity both

horizontally and vertically along with other parameters were determined.

Analysis of the drainage wave pattern was done using Adober Photoshopr

7, by analysing the gray scale value or the intensity represented by K (in

CMYK Colour model).

3.3 Conclusion

The experimental details and characterization techniques employed to study

the various properties of the natural surfactants extracts have been discussed.

Each of the techniques described and the instruments used provides inform-

ation of the extracts of plant samples which could be correlated to determine

the properties of these natural surfactants. Schematic representation of the

experimental setup have also been provided and discussed.
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Chapter 4

Surface and Foam Properties

Keeping in view the environment related problems of synthetic surfactants

discussed in Chapter 2, it is desirable to find an alternative. For this search on

environmental-friendly alternatives, it is important to investigate the surface

activity and foam properties of natural surfactants. This chapter deals with

the results obtained from surface tension, foaming, wetting, emuslification,

viscosity, pH, conductivity and cleaning experiments of natural surfactants

and attempts to provide explanations for the results obtained. Surface activ-

ity of synthetic surfactants have also been studied as a reference. In addition,

the effect of salt as an additive has been investigated.

4.1 Introduction

The wide use of surfactants in various fields lead to the basis of surfactant

science being recognised as a separate field [117]. Advancement in surfactant

technology lead to the synthesis of huge quantity and variety of surfactants.

101
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Domestic as well as industrial usage disperses these surfactants in diverse

sections of the environment imposing serious environmental concerns [23] as

discussed in Chapter 2. There is thus an increasing interest in searching safe

and green less toxic surfactants [28]. One such alternative could be natural

surfactants obtained directly from plants, bacteria, fungi, amides of amino

acids or fatty acid esters of sugars [30, 116].

In this work, saponin, a plant-based natural surfactant has been extrac-

ted from five plants namely Sapindus mukorossi, Albizia procera, Juglans

regia, Zephyranthes carinata and Acacia concinna. These plants have been

traditionally used as cleansing agents in the nearby regions of West Bengal

and Sikkim. This is the first ever report on the surfactant activity of Alb-

izia procera, Juglans regia and Zephyranthes carinata. Three commonly used

synthetic surfactants Henko, Ezee and Johnson’s Baby Shampoo have also

been investigated as reference.

4.2 Surface Tension Measurements

Surface tension studies is an essential technique to study the surface activity

of a surfactant. It is a parameter to study the interactions between surface

active and non-surface active components at a surface. Surfactants adsorb

at the air-water interface resulting in reduction of surface tension [202, 223].

The details of the surface tension measurements using Wilhelmy plate

technique is discussed in Chapter 3. Surface tension decreases with increase

in concentration and then remains constant after CMC as shown in Figure
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Figure 4.1: Variation of surface tension with surfactant concentration at 20
± 2 0C.

4.1. The rapid decrease in surface tension is due to the breakage of hydrogen

bonds when adsorption takes place at air-water interface resulting in decrease

of energy for increasing of interfacial area [90]. Surface tension reduction by

the natural surfactants is slightly higher compared to the synthetic ones, as

illustrated in Table 4.1. This could be due to slow micellization in water

[202].

Reduction of surface tension from 72 mN/m to 32-37 mN/m indicates

good surface activity and detergency [224]. This implies Sapindus mukorossi

and Acacia concinna possess good detergency like the synthetic surfactants

while Albizia procera, Juglans regia and Zephyranthes carinata show moder-

ate detergency. Lower surface tension helps the washing liquid to penetrate

into the fibre and completely wet it [90].

On further increasing the concentration beyond CMC, surfactants form

micelles [2]. Addition of more surfactants contributes only to micelle form-

ation, the surface tension remains constant. Many properties change on

crossing the CMC, thus making it an important parameter [225]. Table 4.1
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Table 4.1: Surface properties of surfactants at 20 ± 2 0C.

Surfactants CMC Reduced Corresponding Effectiveness CMC
(Surface Surface Concentration (mN/m) (Conduc-)
Tension) Tension (g/cc) (-tivity)
(g/cc) (mN/m) (g/cc)

Sapindus 7.50 × 10−3 35.30±0.2 9.50 × 10−2 36.70 ±0.2 2.00×10−2

mukorossi
Gaertn.
Albizia 7.00 × 10−3 44.33±0.2 1.51 × 10−2 26.67±0.2 2.00 ×10−3

procera
(Roxb.)
Benth.
Zephyranthes 6.40 × 10−4 40.76±0.2 2.05 × 10−2 31.24±0.2 6.00 ×10−3

carinata
Herbert
Acacia 7.00 × 10−2 32.35±0.2 2.20 × 10−1 39.65±0.2 7.00 ×10−3

concinna
DC.
Juglans 8.80 × 10−3 44.95±0.2 1.40 × 10−2 27.05±0.2 1.00 ×10−3

regia
Linn.
Johnson’s 2.00 × 10−3 24.35±0.2 7.56 × 10−2 47.65±0.2 7.00 ×10−3

Baby
Shampoo
Ezee 7.97 × 10−4 21.01±0.2 1.75 × 10−1 50.99±0.2 3.00 ×10−3

Henko 1.00 × 10−1 21.20±0.2 4.00 × 10−1 58.80±0.2 1.00 ×10−3
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shows the CMC of surfactants. The values are comparable to CMCs of other

natural surfactants [226]. Slow micellization in water of Acacia concinna

and Sapindus mukorossi is responsible for efficient surface tension reduc-

tion. Greater surface tension reduction of Acacia concinna and Sapindus

mukorossi indicate that surfactants pack closely at the air-water interface,

similar to the synthetic surfactants [227]. All the surfactants exhibited low

CMC except Acacia concinna and Henko. This indicates that micellar sol-

ubilization begins at a higher concentration for these surfactants. Natural

surfactants consist of a large number of surfactant molecules having vary-

ing molecular structures. This changes the hydrophobicity of the molecules

and in turn the CMC. Ionic surfactants exhibit a higher CMC attributed to

ion-ion replusion of the head groups [226].

Surface pressure or effectiveness πCMC is defined as

πCMC = γ0 − γ (4.1)

where surface tension of pure water is taken as γ0 and of surfactant solu-

tion as γ. The efficiency of surfactant adsorption at the air-water inter-

face can be estimated by πCMC [228]. Thus Acacia concinna and Sapin-

dus mukorossi show greater effectiveness similar to the synthetic surfact-

ants. Moderate effectiveness is shown by Albizia procera, Juglans regia, and

Zephyranthes carinata (Table 4.1).
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4.3 Surface Wetting Measurments

Surface wetting is a vital parameter depending on surface tension, concentra-

tion, nature of the surface to be wet and diffusion. It is a complex phenomena

playing an important role in the removal of oils, dirt and grease. Reduced

surface tension of the surfactant solutions enhances the penetration of li-

quid through the surface and wet it completely [36]. Wetting behaviour is

important in cleaning.

Figure 4.2: Wetting time of surfactant solutions at 20 ± 2 0C.

Figure 4.2 illustrates the wetting time of surfactant solutions. Good

wetting was shown by Albizia procera and Acacia concinna similar to syn-

thetic surfactants. Moderate wetting was shown by Sapindus mukorossi and

Zephyranthes carinata. Qualitatively, the wetting behaviour of natural sur-

factants was similar to synthetic surfactants.

Good wetting indicates sufficient reduction of surface tension and en-

hanced penetration into the surface. The results are in good agreement with

surface tension measurements for most surfactants. Interestingly, Juglans

regia did not exhibit any change in wetting ability from pure water even
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though the surface tension reduced significantly. The wetting results for Al-

bizia procera and Sapindus mukorossi were not in good agreement with the

surface tension results. This signifies that wetting is a complex phenomena

governed by other factors and not only by surface tension.

4.4 Foaming

Foaming ability and stability is an essential property in detergent evaluation

of surface active substances. Formation of foam requires creation of new

interfaces. High surface elasticity and viscosity leads to rapid absorption at

the interfaces and hence high foaming power [229].

4.4.1 Foaming Ability

This study was conducted in my previous work in M.Phil. For the sake of

completeness the results have also been incorporated. Foaming was studied

using Bikerman’s methods and Bartsch test as described in Chapter 3. The

foaming behaviours of the surfactants are illustrated in Figure 4.3.

Good quality thick foam was produced by Sapindus mukorossi and Acacia

concinna, similar to synthetic surfactants. This may be due to large amount

of saponin present helping the reduction of surface tension and creation of

large surface area required for foaming [90].

It is observed that foaming power increases with increase of surfactant

concentration. This is due to the presence of more surfactant in the films

to stabilize the foam [25]. Similar foaming trend was seen by both tests

(Figure 4.3). Bikerman’s method produced large amount of foam compared
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(a) (b)

(c) (d)

Figure 4.3: Foaming behaviour of surfactant solutions (a),(b) Bikerman’s
method (c),(d) Bartsch test at 20 ± 2 0C.

to Barstch test as it involved more gas.

4.4.2 Foam Stability

Foam is an unstable system and is prone to rupture and decay. The stability

of foam is defined by the R5 parameter given by

R5 =
h5

h0

× 100 (4.2)

where maximum foam height is h0 and foam height at 5 minutes is h5. An

R5 value of 50 % gives the cut-off between low stability foam and metastable

foam. Figure 4.4 shows the variation of R5 parameter with concentration.

Acacia concinna and Sapindus mukorossi showed a sharp transition from
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(a) (b)

(c) (d)

Figure 4.4: Variation of R5 value with surfactant concentration (a),(b) Biker-
man’s method (c),(d)Barstch test at 20 ± 2 0C.

low stability to metastable foam, similar to synthetic surfactants. This is

not observed in Albizia procera, Zephyranthes carinata and Juglans regia.

This implies Acacia concinna and Sapindus mukorossi produce more stable

foam than other natural surfactants.

The cut off concentration for Bikerman’s method is higher than for Barstch

test, which may be due to variations in the mechanisms of foam formation

(Figure 4.4). In the Bikerman’s method, a large amount of air is abruptly

introduced into the liquid resulting in a lot of foam. The foam is unstable

because enough surfactant is not able to adsorb at the interfaces. Introduc-

tion of a small amount of air in the Barstch test results in less foam. Here

the vigorous shaking moves a large amount of surfactant molecules to the

interfaces, making the foam stable.
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4.4.3 Effect of Salt on Foaming

The effect of salt on foaming was studied for my Ph.D. In many commercial

products, salts are added to surfactant solution to increase viscosity. As high

viscosity stabilizes the foam and these two parameters are interrelated, the

effect of salt on foaming ability and stability was investigated below CMC,

at CMC and above CMC.

Below and at CMC

Figure 4.5: The effect of salt on foam height below CMC at 20 ± 2 0C.

Figures 4.5 and 4.6 illustrate the profile of foaming ability of surfactant

solutions at different salt concentrations. The foaming ability increases with

salt concentration up to a concentration after which it decreases, both below

and at CMC. Increase in foaming ability indicates improvement in surfactant

adsorption in the presence of salt.

When salt is added to a surfactant solution below CMC, it tends to come

to the interface with the surfactant molecules. This reduces the repulsion

between the surfactant molecules. More surfactant molecules can be accom-
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modated at the surface, thereby reducing the surface tension. Increase in salt

concentration results in a more efficiently packed surfactants. This decreases

the repulsion between two monolayers which are on two sides of a film. This

leads to more structured liquid in the lamella, having higher viscosity and

lower film drainage rate [230].

Figure 4.6: The effect of salt on foam height at CMC at 20 ± 2 0C.

The increase in foaming with the addition of salt is concentration depend-

ent. Henko, Ezee and Zephyranthes carinata showed similar behaviour. The

maximum amount of salt concentration after which foaming decreases was 4

g/cc for these surfactants. At higher salt concentration, foaming decreases.

This decrease may be due to high ionic strength which reduces the Coulombic

forces in the molecules [231]. At higher salt concentration, the double layer

repulsion of the film gets reduced due to which the surfactants move closer

to each other. They may either be attracted by Van der Waal’s forces or be

repelled due to electrostatic repulsion. During the formation of film, large

amount of charge leads to charge repulsion and reduced surfactant molecules

at the air-water interface which leads to decrease in surface viscosity and
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foam stability [232].

As seen from Figures 4.5 and 4.6, salt concentration decreased the foaming

ability of the surfactants. Sapindus mukorossi and Henko showed a more

distinct decrease in foaming ability compared to other surfactants both below

and at CMC. The behaviour shown by ionic and non-ionic surfactants are

similar to those observed by other workers [233].

Above CMC

The addition of salt depresses foaming for both natural and synthetic surfact-

ants beyond CMC as shown in Figure 4.7. This decrease may be due to the

formation of micelles which enhances the electrostatic repulsion between the

adsorbed and non-adsorbed molecules. This results in reduced adsorption

at the air-water interface and decreases foaming. Decrease in foam height

was more prominent in Sapindus mukorossi and Acacia concinna, similar to

synthetic surfactants.

Figure 4.7: The effect of salt on foam height above CMC at 20 ± 2 0C.



CHAPTER 4. SURFACE AND FOAM PROPERTIES 113

4.4.4 Effect of Salt on Foam Stability

The effect of salt on stability of foam was evaluated by calculating the R5

value.

Below and at CMC

Figures 4.8 and 4.9 illustrate the behaviour of foam when salt was added

below and at CMC. It was observed that the R5 value decreases with in-

creasing concentration of salt. The foam disappeared at a faster rate than

pure surfactants solutions.

Figure 4.8: R5 as a function of added salt concentration below CMC at 20
± 2 0C.

Salt had a negative effect on stability of foam of Acacia concinna, Juglans

regia, Albizia procera and Zephyranthes carinata similar to two synthetic

surfactants. However, the stability of Johnson’s baby Shampoo was not

affected by salt. Sapindus mukorossi exhibited a different behaviour, the

stability decreased and then increased with the addition of salt. Decrease in

stability may be attributed to a decrease in hydrophobic forces between air

bubbles.
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Figure 4.9: R5 as a function of added salt concentration at CMC at 20 ± 2
0C.

Above CMC

Figure 4.10: R5 as a function of added salt concentration above CMC at 20
± 2 0C.

The effect of salt on the stability above CMC was very different as shown

in Figure 4.10. Ezee and Johnson’s Baby Shampoo’s were not affected by

the addition of salt. This may be due to positive surface elasticity or Gibbs-

Marangoni effect.

The foam stability of Sapindus mukorossi and Zephyranthes carinata de-

creased and then increased. These results can be attributed to a rapid de-
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crease in hydrophobic forces between air bubbles. The foam stability of

Henko, Acacia concinna, Juglans regia and Albizia procera decreased with

the addition of salt, which may be attributed to a decrease in the electrostatic

repulsion in foam films at high electrolyte concentrations. Decreased stabil-

ity may also be due to increased drainage rate due to disproportionation and

bubble coalescence immediately after foam formation [234].

4.5 Emulsification

Surfactants diffuse in oil-water interface and reduce the interfacial tension.

Thus less energy is required at oil-water interface to form an emulsion. Sur-

factants are thus widely used as emulsifiers to stabilize emulsion droplets

[235]. The emulsifying power of surfactants was evaluated using the proced-

ure described in Chapter 3.

Figure 4.11 shows emulsifying behaviour of surfactants. Higher concentra-

tions of Sapindus mukorossi produced very stable emulsions. This emulsion

did not separate for almost 2 hours. Emulsion stability increases with in-

crease in concentration, decreases and then increases again. The region at

which the stability decreases is the region where micelles begin to form, as

confirmed by surface tension measurements.

The low emulsion stability at low concentrations is probably due to less

adsorption of surfactants at the oil water interface [236]. At very high surfact-

ant concentrations, emulsion stability decreases as a result of rapid droplet

coalescence [237]. Sapindus mukorossi exhibited higher stability of emulsions,

followed by Zephyranthes carinata and Acacia concinna. Some of these nat-
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Figure 4.11: Emulsion stability of surfactant solutions at 20 ± 2 0C.

ural surfactants showed better emulsifying properties compared to synthetic

surfactants. Stable emulsions are produced when surfactant adsorption pro-

duces repulsive interactions between the droplets thereby providing an energy

barrier against rupture [202].

4.6 pH Measurements

The pH of surfactant solutions were examined as described in Chapter 3. pH

of a solution similar to human skin (∼ 5.5) causes lesser damage to the skin

and hair. Study of the pH of surfactant solutions is important as the net

charge on the molecule and the repulsive force between them changes with

pH [24].

It is observed from Figure 4.12 that Acacia concinna, Sapindus mukorossi,

Zephyranthes carinata are acidic. This acidic nature accounts for hydro-

lysis of non-ionic glucuronic groups [137]. Albizia procera and Juglans regia

showed less acidic characteristics similar to Ezee and Johnson’s Baby Sham-
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Figure 4.12: Variation of pH with surfactant concentration at 20 ± 2 0C.

poo. Henko showed basic characteristics. The pH of solutions of Acacia

concinna, Sapindus mukorossi, Zephyranthes carinata and Juglans regia de-

creased with concentration. An increase was shown by Albizia procera similar

to synthetic surfactants.

4.7 Conductivity Measurements

Conductivity measurements were performed to examine the micellar aggreg-

ation behaviour of the surfactants. Figure 4.13 presents the conductivity of

surfactant solutions as a function of concentration.

At lower concentrations, the conductivity is low and almost constant.

This is attributed to the hydrophilic part of the molecule being enclosed

by water molecules resulting in low conductivity. At higher concentrations,

conductivity begins to increase rapidly. The increase is generally observed

near the regions where micelles start to form. This increase is attributed to

more or bigger micelles and intermicellar interaction [117].
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Figure 4.13: Conductivity as a function of surfactant solutions at 20 ± 2 0C.

Conductivity of natural surfactants can also increase due to hydrolysis

of glucuronic groups. The conductivities of Sapindus mukorossi, Albizia pro-

cera, Juglans regia, Acacia concinna, Zephyranthes carinata and Johnson’s

Baby Shampoo increase at a higher concentration than Henko and Ezee.

The CMC obtained for Sapindus mukorossi, Zephyranthes carinata, John-

son’s Baby Shampoo and Ezee by conductivity measurements is higher than

those with surface tension measurements as illustrated in Table 4.1. This

difference is attributed to the presence of surface active impurities that sat-

urates the interface at concentrations below CMC generating a prominent

minimum in the surface tension isotherm [238]. Alternatively surface ten-

sion gives the concentration at which surfactants stop coming to the surface

while conductivity changes occur only when a certain number of micelles

have been formed. Thus surface tension gives a lower value of CMC. Surface

tension measures surfactant behaviour at the air-water interface. Conduct-

ivity measurements are important for evaluating the bulk properties of the

solution.

This discrepancy in CMC obtained by different techniques has also been
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observed by other workers [226, 239]. However smaller CMC is obtained for

Albizia procera, Juglans regia, Acacia concinna and Henko by conductivity

method (Table 4.1). Also, the samples studied are extracted from plants

having several surfactants. This makes the changes difficult to detect by the

surface tension measurements [240].

4.8 Viscosity Measurements

Micelle formation affects many physical properties, one of which is viscosity.

This parameter depends on the number and size of particles in solutions.

Viscosity was measured using the procedure discussed in Chapter 3.

Figure 4.14: Variation of viscosity of surfactant solutions at 20 ± 2 0C.

Figure 4.14 shows the change of viscosities with concentration. All the

surfactants showed a similar increase in viscosity with concentration. At

higher concentrations, the viscosities rapidly increased.

At low concentrations, molecules are present in the form of monomers.

The hydrophilic moieties are enclosed by water molecules. This results in
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an increase in viscosity. All the surfactants exhibit a gradual increase in

viscosity at lower concentrations.

With increase in surfactant concentration viscosities increase rapidly after

a certain point for all surfactants. This rapid increase is probably due to the

formation of micelles. The increase in viscosities far beyond CMC, is at-

tributed to more micelle formation and also the interaction between micelles

coming close to each other [137, 225].

The maximum viscosity was shown by Zephyranthes carinata, which was

similar to Johnson’s Baby Shampoo. Moderate viscosity was seen for Albizia

procera, Juglans regia, Acacia concinna, Sapindus mukorossi similar to Henko

and Ezee. At lower concentrations, the viscosity of Zephyranthes carinata

increased rapidly. The concentration at which rapid increase was observed

is the region at which micelles begin to form as confirmed by surface tension

studies.

4.8.1 Effect of Salt on Viscosity

Figure 4.15: Effect of salt on viscosity of surfactant solutions at 20 ± 2 0C.
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Presence of electrolytes like salt endorses surfactant adsorption and thus

enhances surface viscosity [241]. Additives like salt are important for in-

creasing viscosity in surfactant solutions for ionic surfactants. The effect of

salt on the viscosities of surfactant solutions is shown in Figure 4.15. For

synthetic surfactants, viscosity increases with increase in salt concentration

up to a concentration and then decreases.

Ionic surfactants have a specific charge density. Addition of salt (sodium

ions) lowers the charge density of the micelle surface. This reduces the elec-

trostatic repulsion between micelles and they are able to pack closely. This

creates a thicker solution, with a higher viscosity. When more salt is added,

too much ion causes a higher charge density and the micelles begin to repel

each other. This repulsion results in a decrease in viscosity [242].

Addition of salt to the natural surfactants causes a small increase in

viscosity. This confirms that natural surfactants are in general non-ionic in

nature.

4.9 Cleaning

The primary and essential characteristic of a surfactant is the removal of

grease, dirt, dust and soil. Cleaning action was studied using the method de-

scribed in Chapter 3. Figure 4.16 shows the cleaning properties of surfactant

solutions. As seen, the trend in cleaning action is similar for all the surfact-

ants, though there is substantial difference in the amount of dirt removed.

Acacia concinna exhibited a greater cleaning ability similar to Johnson’s

Baby Shampoo which may be due to sufficient surface tension reduction and
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higher wetting ability. Moderate cleaning was seen for Zephyranthes carinata,

similar to Ezee and Henko.

Figure 4.16: Cleaning ability of surfactant solutions at 20 ± 2 0C.

The cleaning ability of Sapindus mukorossi shoots up at CMC. This high

cleaning ability at higher concentration is due to adequate surface tension

reduction. Higher cleaning action was shown by Zephyranthes carinata at

lower concentrations as compared to Sapindus mukorossi. This may be due

to early micelle formation. Even though the surface tension of Sapindus

mukorossi was sufficiently reduced, cleaning ability was moderate due to

lower wetting ability. Thus cleaning action is dependent on wetting ability

and surface tension. The lower cleaning ability shown by Albizia procera and

Juglans regia is perhaps due to high surface tension and lower wetting ability.

4.10 Conclusion

The surface and foam measurements show that natural surfactants are at par

with the synthetic ones. Out of these, Albizia procera, Zephyranthes carinata

and Juglans regia have been studied for the first time for their surface activity.
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The results obtained showed greater surface tension reduction of Sapin-

dus mukorossi and Acacia concinna indicating good detergency. Moder-

ate detergency was shown by Albizia procera, Juglans regia, Zephyranthes

carinata. The pH measurements reveal that Sapindus mukorossi, Acacia

concinna, Zephyranthes carinata are acid balanced while Albizia procera and

Juglans regia are less acidic. Foam produced by Bikerman’s method is in

large amount with lower stability while Bartsch test produces less, but stable

foam. This is probably due to different mechanism involved.

Addition of salt on foaming revealed that there exists an optimum limit

for maximum foaming below and at CMC. Above CMC, foaming appears

to decrease, which is attributed to enhanced electrostatic repulsion between

absorbed and non-absorbed particles and also due to reduced adsorption at

the air-water interface. Addition of salt showed a negative effect on foam

stability below and at CMC except Johnson’s Baby Shampoo and Sapindus

mukorossi. Beyond CMC, different surfactants showed different behaviour.

Sapindus mukorossi and Zephyranthes carinata showed good emulsify-

ing characteristics and may find industrial applications. All the surfactants

showed decrease in emulsion stability in the region of micelle formation. The

effect of salt on viscosity is more pronounced for synthetic surfactants. The

natural surfactants exhibited a relatively small effect on viscosity on addition

of salt. This also showed that the natural surfactants are non-ionic in nature.

The natural surfactants are at par with synthetic surfactants in terms of

foaming, cleaning, wetting and show better stability of emulsion and viscos-

ity. Thus these natural surfactants are potential candidates for good surface

activity useful for many food and cosmetic industries.



Chapter 5

Dirt in Foam: New Approach

to Measure CMC

As we saw in Chapter 4, surfactants when added to water form closed struc-

tures called micelles at the Critical Micelle Concentration (CMC). The CMC

and the formation of micelles are characteristics of surfactants. It is an

important parameter for solubilization. This chapter describes the measure-

ment of CMC of surfacants using a Dirt Dispersion (DD) approach. DD or

the amount of dirt present in the foam was previously studied only through

eye estimation. India ink has been used as a model for dirt. We have quan-

tified the measurement of DD. This leads to a new approach to estimate the

CMC of non-ionic surfactants. The CMC obtained from DD is compared to

that measured using surface tension. This chapter also attempts to provide

explanations of the results obtained.

124
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5.1 Introduction

The amphiphilic nature of the surfactants with simultaneous presence of hy-

drophilic and hydrophobic moieties demonstrate interesting concentration

dependent solubilization behaviour in aqueous solutions. The details of sur-

factants and the formation of micelles has already been described in detail in

Chapter 2. Formation of micelles or self-aggregation in solution is responsible

for various applications of surfactants like emulsion stabilization, detergency,

drug delivery etc [3].

Determination of CMC of surfactant is essential for various applications.

Micelles help the surfactant solution to solubilize or mobilize hydrophobic

materials. Micelles start to form generally at a lower concentration than

CMC. After CMC more and bigger micelles are formed. Studies have shown

characteristic changes in many properties of solutions at CMC [243]. Various

techniques have been employed to study different physical properties which

can differentiate between monomers and micelles [244]. CMCs have been

studied using surface tension, density, osmotic pressure [3], light scattering

[6], UV-Visible spectrophotometry [245], conductivity [5], viscosity, refract-

ive index [4, 246], fluorimetric method [7], chromatography [247] and nuclear

magnetic resonance [248]. The CMC values obtained are found to be slightly

different as they detect different aspects of micelle formation [240, 249, 250].

All these methods mentioned above are very sensitive and require sophistic-

ated instrumental techniques and are expensive to perform.

In case of mixed solutions, aggregation is seen between surfactants and

non surface active materials. The concentration at which significant aggreg-
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ation occurs between a surfactant and a non surface active solute due to

electrostatic attraction in the solution is known as Critical Aggregation Con-

centration (CAC) [251].

Dirt Dispersion, the amount of dirt remaining in the foam is a vital para-

meter while studying cleansing ability of surfactants. Dirt remaining in the

foam is difficult to rinse as it may redeposit at the surface to be cleaned

[201]. The efficacy of a surfactant can thus be expressed by the amount of

dirt remaining in the foam. It has been observed that inspite of many work-

ers studying DD, it has been conducted at a single concentration and only

by eye estimation [15, 16, 206, 252]. The present study quantifies DD as a

function of surfactant concentration and uses it to determine the CMC of

natural surfactants.

In order to verify the occurrence of aggregation between the surfactants

and India ink, the surface tension of Sapindus mukorossi solution with and

without the same ink concentration was measured.

5.2 Dirt Dispersion Measurements

The experimental details of DD measurements is discussed in Chapter 3.

This work quantifies DD by investigating it at different concentrations us-

ing photography and appropriate image processing software as illustrated in

Figure 5.1. By comparing the gray scale of foams I have quantified the DD

measurements. This provides an easy approach to study the variation of DD

with concentration.

It is observed from Figure 5.1 that all surfactants (natural and synthetic)
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Figure 5.1: Variation of dirt dispersion with surfactant concentration at 20
± 2 0C.

exhibit a similar trend. The amount of dirt present in the foam is low at very

low concentrations. DD increases with increase in concentration, reaches a

maximum and then decreases as the concentration increases. The concen-

tration at which DD reaches the maximum is observed to be in the region of

micelle formation or CMC.

Acacia concinna and Ezee show a pattern where DD increases and de-

creases twice as concentration is increased. In these cases, the maximum

value of DD in foam is taken as the CMC. This increase and decrease pat-

tern may be due to the presence of different types of surfactants. Table 5.1

illustrates the CMC values obtained by the DD approach.

The variation of DD with concentration can be explained as follows. At

low concentrations, the foam obtained contains very little surfactant. Thus

the foam attracts little dirt. Increase in concentration results in more sur-

factant in the foam than in solution. Thus the foam attracts more dirt as

compared to the solution. This process continues till the formation of micelles

or CMC.
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Beyond CMC, where the micelles have been formed, the dirt gets sus-

pended in the solution as well as in the foam. This results in a competition

between the foam and the solution, as observed by the decrease in dirt at-

tracted towards the foam. Thus DD becomes maximum at the region where

the micelles start to form.

Alternately, the ink may probable form complexes with the surfactants

above CAC. Thus in the region between CAC and CMC, the absorption in

the foam appears high. After this concentrations the ink may probably get

solubilized into the micelles and thus do not go into the foam.

5.3 Surface Tension Measurements

Figure 5.2: Surface tension of Sapindus mukorossi with and without ink as
a function of surfactant concentration at 20 ± 2 0C.
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The surface tension curves illustrated in Figure 4.1 show a break in the

region of formation of micelles. As seen, after CMC there is no significant

change in surface tension. The CMC values obtained from surface tension

measurements are illustrated in Table 5.1.

The effect of India ink on surface tension of a surfactant was studied for

Sapindus mukorossi. This is illustrated in Figure 5.2. It was observed that

the surface tension reduced by around 5 mN/m in the region below the CMC

on addition of ink. The reduction is around 10 mN/m, below a concentra-

tion of 2×10−6 g/cc. Above CMC, there was no significant difference seen.

However, the presence of a CAC could not be deduced as no clear pattern

was visible.

5.4 Comparison of the two methods

The data obtained by the DD method are compared to those obtained by

surface tension measurements (Table 5.1). It is observed that the CMC values

obtained are close by with some exceptions. Acacia concinna and Henko

show the maximum deviation in the values, while Albizia procera shows the

minimum deviation. Nevertheless the values obtained by these two methods

are within an order of magnitude with each other except Henko. This may

be as the surfactants taken were non-ionic with the exception of Henko.

Variation in CMC measured by different techniques have also been observed

by other researchers [61, 253].

It is observed that the CMC obtained by surface tension are smaller than

those by DD method. This may be due to fact that surface tension gives the
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Table 5.1: CMC obtained by dirt dispersion and surface tension method.

S.No Surfactants Dirt Dispersion Surface Tension Deviation
CMC(g/cc) CMC(g/cc) (δ)

1 Sapindus 2.20 × 10−3 7.50 × 10−3 0.707
mukorossi Gaertn.

2 Albizia procera 1.10 × 10−2 7.00 × 10−3 0.364
(Roxb.) Benth.

4 Zephyranthes 1.70 × 10−3 6.40 × 10−4 0.624
carinata Herbert

5 Acacia concinna 6.00 × 10−3 7.00 × 10−2 0.914
DC.

3 Juglans regia 4.50 × 10−3 8.80 × 10−3 0.489
Linn.

6 Johnson’s Baby 4.50 × 10−3 2.00 × 10−3 0.556
Shampoo

7 Ezee 1.97 × 10−4 7.97 × 10−4 0.753

8 Henko 1.25 × 10−4 1.00 × 10−1 0.999

concentration at which surfactant stops moving up to the surface. However,

DD measures the concentration at which dirt starts moving towards the bulk,

a point when sufficient micelles have already been formed, giving a higher

value of CMC.

Some surfactants such as Acacia concinna, Johnson’s Baby Shampoo and

Henko exhibit a higher CMC by surface tension method. This could be

explained as the appearance of smaller macro-structures like dimers, that

attract small amounts of dirt. This process is not detected by surface tension

measurements [253]. Thus in these cases CMC values are higher for surface

tension measurements. It is also to be mentioned that the samples studied are

obtained from plants having several surfactants instead of a single surfactant,
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thus making the change in surface tension difficult to detect [240]. On the

other hand, the maximum obtained in DD is clear, making determination of

CMC easier.

Thus DD approach could provide an alternative to other experimental

techniques to measure CMC of non-ionic surfactants due to it’s simplicity

and requirement of less amount of sample.

5.5 Conclusions

The present study quantifies Dirt Dispersion in foams and studies its vari-

ation with concentration for the first time. Our quantification studies show

that DD increases, reaches a maximum and then decreases with increase in

concentration. The maximum dirt in the foam corresponds to CMC or the

region of micelle formation. This new approach of CMC determination is

rapid, easy, inexpensive and requires very little sample. The CMC for com-

plex mixtures can also be easily determined, where the surface tension curves

are not smooth. It requires only a digital camera and a computer with ap-

propriate software. The information thus obtained is easy to interpret. The

CMC values obtained from DD approach are in agreement with those ob-

tained from surface tension measurements. Thus this approach could be an

easy low cost method for CMC determination for non-ionic surfactants.



Chapter 6

Preliminary Characterization of

Natural Surfactants

After investigating the surface and foam properties of natural surfactants in

Chapter 4, it is essential to examine their chemical profiles and characterize

them. The solvent based extracts were separated using chromatographic

techniques and the separated compounds were studied by spectral analysis.

6.1 Introduction

In order to introduce natural surfactants as an alternative to synthetic sur-

factants, a knowledge of the components of natural surfactants (saponin) is

necessary. Saponins are a major group of secondary metabolites present in

plants as discussed in detail in Chapter 2. They are self-decomposable [34] in

addition to having surface activity comparable to synthetic surfactants. Due

to their structural complexity saponins exhibit interesting chemical, biolo-
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gical and physical properties. Saponins have applications in food processes

as a natural surfactant, as a preservative in controlling food spoilage by

micro-organisms, as an emulsifying agent. They also have pharmaceutical

applications [254, 255].

Various techniques can be employed to isolate and study the saponins

present in plant extracts. The most popular and useful tools for this pur-

pose are a combination of chromatography and spectroscopy. In the present

study, chromatography methods like Thin Layer Chromatography (TLC),

Column Chromatography (CC) and High Performance Liquid Chromato-

graphy (HPLC) were used to examine, identify and separate the components

present in the methanol extracts. TLC is a simple, quick and inexpensive

method that provides an idea of the number of compounds present [208].

By comparing the Rf value of the unknown compounds with that of known

compounds, one can quantify the kind of compounds involved. CC is a puri-

fication technique to isolate desired compounds from a mixture [211]. HPLC

is one of the most powerful technique to identify the number of components

and it relates to the closest match with the reference compounds available

as per the database. It is a powerful technique for saponin determination as

it can be effectively used for highly polar compounds [214].

Spectral characteristics help to identify compounds by comparing with

known data from the literature and various database. Ultra Violet-Visible

Spectroscopy (UV-Vis), Fourier Transform Infrared Spectroscopy (FTIR)

and Gas Chromatography-Mass Spectrometry (GC-MS) measurements were

carried out for this purpose. Preliminary information about the composition

of the extracts can be obtained from the UV-Vis spectra. Pharmacologically
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active compounds are aromatic in nature and hence show absorption in the

UV range. UV-Vis spectroscopy can identify unsaturated bonds [256]. FTIR

is a widely used technique for identification of functional groups present [219].

GC-MS is a sophisticated technique for analysis of phyto constituents and

structure elucidation of compounds. It has a very high sensitivity of detecting

compounds [257].

6.2 Albizia procera

6.2.1 Thin Layer Chromatography Analysis

Figure 6.1: TLC plates for methanol extract of Albizia procera derivatized
with PMA using (a) (Chloroform: Glacial acetic acid: Methanol: Water
[8:4:1.5:1]) (b) (Petroleum ether: Ethyl acetate [80:20]).

TLC was performed in methanol extract of Albizia procera. Various

solvent systems were used for eluting the TLC plates. Good separation was
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observed in the solvent system (Chloroform: Glacial acetic acid: Methanol:

Water [8:4:1.5:1]) as shown in Figure 6.1(a).

Table 6.1: Rf value on TLC plate for methanol extract of Albizia procera .

Solvent System No. of (Rf ) Derivatised
spots with PMA

Chloroform: 4 0.79
Glacial acetic acid: 0.53
Methanol:Water 0.48
(8:4:1.5:1) 0.35
PET. Ether:Ethyl acetate 2 0.75
(80:20) 0.64

The number of compounds present in the extract was monitored by the

number of spots with different Rf values [192]. TLC did not show any spot

when visualised under short wavelength (254 nm) and long wavelength (366

nm). TLC analysis showed four bands when derivatised with PMA. The

corresponding Rf values are shown in Table 6.1. The band with Rf values

0.79 (bluish green) was due to non-polar compounds while the bands with

Rf value 0.53 (light green), 0.48 (light green) and 0.35 (dark green) were due

to polar compounds. The Rf value of 0.48 indicated the presence of saponin

[258, 259, 260, 261]. The long tail like structure above the spot with Rf value

0.53 indicated the presence of inseparable non-polar compounds.

In order to see the compounds of the uppermost part, a non-polar solvent

system (Petroleum ether: Ethyl acetate:[80:20]) was used. Two spots having

Rf value 0.64 and 0.75 were obtained as shown in Figure 6.1 (b).
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6.2.2 Column Chromatography

The eluted fractions of the methanol extract of Albizia procera were separated

by CC. 105 fractions were obtained. Five fractions (Figure 6.2) which showed

the distinct spots, as monitored by TLC, were analysed with UV-Vis and

FTIR. The fraction that showed the best separation was monitored by HPLC.

CC was unsuccessful in separating pure components from the extract.

Figure 6.2: Column purified fractions of methanol extract of Albizia procera
.

6.2.3 UV-Visible Spectroscopy

The spectra obtained from UV-Vis provides preliminary information about

the nature of compounds present. Figure 6.3 shows the absorbance peaks for

the water and methanol extracts and column purified fractions. The UV-Vis

analysis is summarized in Table 6.2.

Absorbance peaks shown in the first and second row are in the range of

213 to 247 nm. This absorbance is attributed to π-π* electronic transitions

due to presence of C=C multi double bonds in benzene rings. Absorption

between 200-400 nm indicates the presence of unsaturated groups [256]. Ab-

sorption at 243 nm indicates the presence of carbonyl group/conjugation in
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Figure 6.3: UV-Vis absorption spectra for extracts of Albizia procera.

the molecules. Saponin shows absorption at 200-250 nm [170, 172, 262].

Some saponins also exhibit absorption in the range of 250-350 nm [263, 264].

Thus absorption around 213 nm to 247 nm are attributed to the presence of

saponin (Figure 6.3).

Absorption peaks at longer wavelengths are due to n-π* electronic trans-

itions due to presence of C=O bonds. The absorption peak in the above range

suggests that the compounds in methanol and water extract have chromo-

phores and hence absorption can take place.

Methanol extract and Fraction H5 of Albizia procera showed large absorb-

ance which indicated a bigger molecule. Column purified fractions exhibited

prominent peaks which were not observed for water and methanol extracts.

This may be attributed to efficient removal of impurities during CC. Absorp-

tion at 280 nm is considered to be due to the presence of phenolic compounds.
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Table 6.2: UV-Vis absorption peaks for extracts of Albizia procera .

Water Methanol Fract. Fract. Fract. Fract. Fract.
Extract Extract B8 D5 G4 H5 K1
nm nm nm nm nm nm nm
- - 216.70 217.81 214.78 - 213.87
223.58 247.47 229.45 231.50 236.99 246.77 226.92
- 263.27 274.10 266.68 262.16 262.83 260.36
292.76 298.95 - 377.64 299.37 295.89 299.17
- - - 411.09 - - 324.85

The results also indicated the presence of various aromatic compounds. Ab-

sorption in the range of 240-285 nm and 300-500 nm indicates the presence

of flavonoids [265].

6.2.4 HPLC Analysis

HPLC analysis was carried out for methanol extract of Albizia procera and

column purified fraction B8. The UV-Vis spectra were employed for choosing

appropriate wavelengths for HPLC monitoring. HPLC profile was detected

at a wavelength of 200-400 nm using a Diode Array Detector (DAD). The

chromatograms obtained at a wavelength of 260 nm are shown in Figures 6.4

and 6.5.

Figure 6.4: HPLC chromatogram for methanol extract of Albizia procera.
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The elution on HPLC system were performed using methanol-water and

acetonitrile-water eluents of various compositions. Acetonitrile-water [50:50,

80:20, 70:30] mobile phase could not adequately resolve the peaks in the

sample. Hence a system of methanol and water [50:50] with 0.1 % trifluoro-

acetic acid (TFA) was chosen as mobile phase at a flow rate 1 mL/min.

This solvent system gave better peak separation. Saponins generally con-

tain glucuronic acid moiety that ionizes in aqueous solution causing peak

broadening. In order to improve the shape of the peak of glucuronic acid

containing saponins, TFA, an ion-suppression reagent was added to the mo-

bile phase. TFA was chosen due to its low UV absorbance making sample

detection possible without the drift of baseline [266].

Table 6.3: HPLC for methanol extract of Albizia procera .

Methanol Extract Column Purified Fraction B8
Retention Time Area Retention Time Area
(minutes) (%) (minutes) (%)
10.062 0.2693 1.965 35.6653
12.097 0.8512 2.809 4.0438
13.496 8.2193 17.555 4.0438
17.655 3.9371 21.085 31.0716
18.630 6.2929 - -
22.548 1.0877 - -
24.476 22.7861 - -
27.233 21.0237 - -
29.678 10.4510 - -
32.168 10.4128 - -

Based on the retention time and the availability of peaks the number

of compounds could be identified. The retention time and the area of the

peak(%) are illustrated in Table 6.3. The methanol extract showed eleven
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distinct peaks (Figure 6.4) for retention time 0 to 45 minutes. The peaks

before the retention time of 5 minutes could not be separated. There were

only eight prominent peaks with significant height and area (> 1 %).

Figure 6.5: HPLC chromatogram of column purified fraction B8 for methanol
extract of Albizia procera.

As seen from Figure 6.5, in the chromatogram, the column purified frac-

tion contained four peaks indicating that four classes of compounds still exist

after purification. This showed that CC could not isolate a particular com-

pound.

A prominent peak (Figure 6.4) for the methanol extract with 22.79 % area

was observed at retention time 24.48 minutes, similar to that observed for

the isolated fraction (Figure 6.5) at 21.09 minutes. The peaks showing lower

retention time upto 14 minutes represent O-H group connected to benzene

ring, making it acidic and polar. Peaks showing retention time beyond 25

minutes signify least number of O-H groups attached and hence are non-polar.

The compounds that absorb in the UV range may possess chromatophoric

groups like phenol, benzene etc.

The peaks in the chromatogram showed the presence of compounds that

are thought to represent derivatives of saponin compounds [267]. Peaks with

retention time 10-20 minutes signify the presence of saponin [266, 268]. Slight
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differences may be due to difference in the HPLC methods. Apart from the

prominent peaks, some peaks having area < 1 % were detected. They could

be due to the presence of compounds in small quantities.

6.2.5 FTIR Analysis

Figure 6.6: FTIR spectra for extracts of Albizia procera.

The water, methanol and column purified fractions were analysed with

FTIR between 4000 and 500 cm−1. The results are shown in Figure 6.6. The

spectra represent the functional groups of the compounds. The functional

groups are allocated based on identification of the spectral peaks and match-

ing the frequency with the corresponding chemical group that absorbs in the

mid-infrared region. The various functional groups detected are in given in

Table 6.4.
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Table 6.4: Functional groups present in extracts of Albizia procera.

Functional Water Methanol Fract. Fract. Fract. Fract. Fract.
Groups Extract Extract B8 D5 G4 H5 K1

cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

O-H 3227 3321 3322 3326 3320 3334 3258
C-H 2931 2959 2957 2962 2960 2955 2954
Stretching 2931 2931 2928 2929 2926 2921

2871 2875 2872 2874 2855 2848
C=O - - - 1731 - 1718 -
C=C 1567 1626 1653 1621 1647 1620 1628
C-H 1385 1462 1462 1455 1463 1465 1463
Bending 1378 1381 1378 1376 1374 1378
C-O-C 1064 1112 1214 1247 1216 1185 1204

1071 1113 1194 1111 1072 1083
1032 1071 1071 1075 1031 1017

The FTIR spectrum exhibited the presence of hydroxyl, alkyl, ether

and ester groups. Presence of broad hydroxyl (OH), carbonyl(C=O), C-H

(stretching and bending), and C=C (skeletal vibration from sp2 carbon rings)

demonstrated characteristic oleanane triterpenoid saponin absorptions. The

infrared absorbance of oleanane-type triterpenoid saponins are characterized

by the C=O group due to the presence of oleanolic acid/ester. Column pur-

ified fractions D5 and H5 showed prominent peaks indicating the presence

of C=O. This peak characterizes oleanane-type triterpenoid saponins. It is

evident that after purification C=O functional group became distinct in the

two fractions. The water, methanol and other column purified fractions did

not show the presence of C=O functional group. This functional group was

not dominant in these samples. The absorptions of C-O-C indicated glycos-

ide linkages to the sapogenins, the non-sugar part (aglycone) of the saponin

[269].
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In methanol extracts, Fractions B8 and G4 sharp peak of C-O-C is ob-

served compared to Fractions D5, K1 and H5. The observed changes in

FTIR are attributed to the efficient removal of compounds with the func-

tional group during purification. The absorption due to the C-H bending

for water, methanol and column purified fractions indicates a saturation in

the compound. The functional group C=C indicates the presence of conjug-

ated unsaturation in the compound. This is supported by the absorption in

UV-Vis at 247.47 nm for methanol and 246.77 nm for Fraction H5 [270].

Similar functional groups were present in water, methanol and column

purified fractions. This indicates that saponins are easily detectable in wa-

ter and methanol extracts [271]. Large absorbance of OH is seen for water

as compared to methanol and column purified fractions. Prominent C-H

stretching is observed for methanol and column purified fractions as com-

pared to water. Water extracts exhibit prominent and broader peak absorp-

tions of C-O-C indicating the presence of bigger molecules.

6.2.6 GC-MS Analysis

GC-MS is a combined technique used to identify various compounds present

in a sample. The GC-MS graphical representation of the methanol extract

of Albizia procera is shown in Figure 6.7.

The analysis lead to identification of various compounds constituting of

the plant extract. The data was interpreted using National Institute of

Standard and Technology (NIST) database. The name of the compound,

its molecular weight and structure were ascertained. The methanol extract
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Figure 6.7: GC-MS chromatogram of methanol extract of Albizia procera.

showed 23 bioactive phytochemical compounds such as alcohol, esters, aro-

matic substances and fatty acids. Table 6.5 illustrates the prominent com-

pounds present along with their retention time, peak area in percentage,

molecular formula and molecular weight. The GC-MS spectrum contained

five major peaks and many small peaks. The relative concentrations of the

various compounds were indicated by the peak area. The peaks having lower

retention times are due to the less polar compounds [256].
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Table 6.5: Chemical constituents for methanol extract of Albizia procera by

GC-MS .

Peak Retention Peak Molecular Molecular IUPAC Name

No. Time Area Formula Mass of

(minutes) (%) (g/mol) Compound

1 6.946 5.80 C8H16O2 144.21 Butanoic acid,

butyl ester

2 7.675 25.15 C8H18O 130.23 2-Ethyl- 1-

hexanol

3 12.104 8.31 C12H26O2 202.34 1-Butoxyl-1-

isobutoxy butane

4 23.676 11.61 C19H40O2Si 328.61 Palmitic Acid,

TMS derivative

5 24.336 7.33 C22H38O2 334.54 Cyclopropaneoctanoic

acid,2-[[2-[2-

ethylcyclopropyl)]

methylcyclopropyl],

methyl]- methyl

ester

One of the compound present in the extract is hexadecanoic acid, methyl

ester. It is a palmitic acid compound which may have biological properties

such as anti-oxidant, pesticide, lubricant activities and hemolytic 5-alpha is

a reductase inhibitors [272]. Palmitic acid is a good source of toiletry and
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laundry soap [273]. The presence of fatty acids and aromatic components in

the extract highlights the pharmacological properties of the plant [274].

6.3 Juglans regia

6.3.1 Thin Layer Chromatography Analysis

Figure 6.8: TLC plates for methanol extract of Juglans regia: (a) short
wavelength (254 nm) (b) derivatized with PMA using (Chloroform: Glacial
acetic acid: Methanol: Water [8:4:1.5:1]); using (Petroleum ether: Ethyl
acetate [90:10]) (c) short wavelength (d) long wavelength (366 nm) (e) de-
rivatized with PMA.

Different solvent systems were tried out for eluting the TLC plates to get

a good results. The solvent system, (Chloroform: Glacial acetic acid: Meth-

anol: Water [8:4:1.5:1]) gave a good separation, shown in Figure 6.8(a)(b).

The resulting TLC patterns were observed at short wavelength (254 nm)

and derivatised with PMA. TLC analysis showed two spots in short wavelength
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and when derivatised with PMA. The corresponding Rf values were calcu-

lated (Table 6.6). The band with Rf value 0.83 (light grey) was due to

non-polar compounds while that with Rf 0.62 (dark grey) was due to polar

compounds. The tail like structure above Rf 0.62 was due to inseparable

non-polar compounds. The Rf value obtained was similar to the value for

saponin as present in the literature [259, 260, 261].

Table 6.6: Rf value on TLC plate for methanol extract of Juglans regia.

Solvent System No. (Rf ) Short (Rf ) Long (Rf )
of wavelength wavelength Derivatised
Spots 254 nm 366 nm with PMA

Chloroform: 2 0.83 - 0.83
Glacial acetic acid: 0.62 - 0.62
Methanol:Water
(8:4:1.5:1)
PET.ether:Ethyl acetate 5 - 0.90 0.90
(90:10) 0.78 0.78 0.78

0.60 - 0.60
0.46 - 0.46
0.24 - 0.24

A non-polar solvent system (Petroleum ether: Ethyl acetate [90:10]) was

used to study the non polar compounds. This is illustrated in Table 6.6.

When the TLC was viewed under short wavelength, four spots were obtained.

Two spots were obtained when viewed under long wavelength and five spots

were obtained when derivatised with PMA (Figure 6.8 (c),(d),(e)).

6.3.2 Column Chromatography

CC for methanol extract of Juglans regia eluted 90 fractions. Four fractions

(Figure 6.9) which showed distinct spots monitored by TLC were analyzed
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with UV-Vis. One fraction was further monitored by FTIR and HPLC.

Figure 6.9: Column purified fractions for methanol extract of Juglans regia.

6.3.3 UV-Visible Spectroscopy

Figure 6.10: UV-Visible spectra for extracts of Juglans regia.

The absorbance peaks for the water, methanol and column purified frac-

tions are shown in Figure 6.10. Table 6.7 illustrates the absorbance of Juglans
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regia. The peaks in the first row are around 215 nm and are attributed to

π-π* electronic transitions due to presence of (C=C) multi double bonds in

the benzene rings. Presence of unsaturated groups is shown by absorption

between 200-400 nm [256].

Table 6.7: UV-Vis absorption for extracts of Juglans regia.

Water Methanol Fract. Fract. Fract. Fract.
Extract Extract K2 Q2 V2 Y1
nm nm nm nm nm nm
218.61 217.54 214.04 216.14 214.55 211.44
268.87 268.24 254.06 270.56 266.23 265.36
- - 319.65 321.54 322.55 -
343.43 369.98 - - 347.01 361.92

The peaks at longer wavelength around 254 nm to 370 nm account for

n-π* electronic transitions attributed to presence C=O group. Prominent

peaks were obtained for methanol and column purified fractions as compared

to water extract. Prominent absorption around 211 nm to 219 nm show the

presence of saponin in Juglans regia (Figure 6.10) [170, 172, 262].

6.3.4 HPLC Analysis

The methanol extract of Juglans regia and one column purified fraction Y1

were subjected to HPLC for further analysis at a wavelength of 200-400 nm.

Figures 6.11 and 6.12 show the chromatograms at a wavelength of 260 nm.

Different solvent systems were tried on HPLC. Acetonitrile-water could

not adequately resolve the peaks. Good peak separations were obtained

using methanol and water [50:50] for methanol extract and [30:70] for column

purified fraction Y1 with 0.1 % TFA. The flow rate was maintained at 1
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Figure 6.11: HPLC chromatogram for methanol extract of Juglans regia .

mL/min.

The retention time and peak area are illustrated in Table 6.8. The meth-

anol extract showed 13 distinct peaks (Figure 6.11) for retention times 0 to

45 minutes. The peaks before 2.5 minutes could not be separated. Only six

peaks had significant height and area. Apart from them some peaks with

area < 1 % were detected. These could be due to the presence of small

quantity of compounds.

Figure 6.12: HPLC chromatogram of column purified fraction Y1 for meth-
anol extract of Juglans regia .

The chromatogram for column purified fraction Y1 (Figure 6.12) con-
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Table 6.8: HPLC for methanol extracts of Juglans regia.

Methanol Extract Column Purified Fraction Y1
Retention Time Area Retention Time Area
(minutes) (%) (minutes) (%)
2.507 10.4232 2.376 6.3263
2.771 18.9667 2.513 10.7293
3.593 1.8300 3.250 13.0901
4.299 1.0303 5.620 17.1720
5.061 0.3771 7.438 4.5816
5.580 0.5069 8.595 7.5423
7.238 4.9967 13.266 7.6154
9.160 39.9100 19.508 32.9430
10.515 0.7472 - -
11.825 0.5528 - -
12.692 0.7553 - -
14.960 7.1752 - -
24.972 12.7285 - -

tained eight peaks indicating that eight classes of compounds still exist. The

peaks obtained were sharp, distinct and prominent with significant height

and area (> 4 %). This could be due to the removal of some less abundant

compounds during CC.

The elution with lower retention time indicates the presence of polar

compounds and higher retention time non-polar compounds. The peaks in

the chromatogram are similar to those obtained for saponins using the same

solvent system [267].
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6.3.5 FTIR Analysis

Figure 6.13: FTIR spectra for extracts of Juglans regia.

Figure 6.13 illustrates the FTIR spectra. The different functional groups

present are outlined in Table 6.9. Characteristic oleanane triterpenoid saponin

absorptions were seen showing the presence of OH, C=O, C-H and C=C.

Oleanane-type triterpenoid saponins are characterized by C=O bond due to

the presence of oleanolic acid/ester. Water and methanol extracts showed

the presence of C=O indicating oleanane-type triterpenoid saponins. Column

purified fraction Y1 did not exhibit peak corresponding to C=O group. The

observed changes in the FTIR spectrum is attributed to efficient removal of

the carbonyl group during purification. The absorption peaks due to C-O-C

indicated glycoside linkages to the sapogenins [269].

The functional groups present in water, methanol and column purified
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Table 6.9: Functional groups present in extracts of Juglans regia.

Functional Water Methanol Fraction
Groups Extract Extract Y1

cm−1 cm−1 cm−1

O-H 3490 3305 3300
C-H 2918 2930 2983
Stretching - 2848 2913
C=O 1697 1691 -
C=C 1595 1604 1658

- 1533 1595
C-H 1362 1446 1390
Bending - 1313 -
C-O-C 1117 1189 1235

1069 1027 1045
1017 - -

fraction were similar indicating that saponins are easily detectable in the

extracts [271]. The C-H stretching peak is sharper for the column purified

fraction Y1. Prominent glycoside linkages to the sapogenins, C-O-C is seen

for methanol and column purified fractions compared to water. Water ex-

tracts exhibit prominent and broader peak for absorptions of C=C indicating

bigger molecules.

6.3.6 GC-MS Analysis

The GC-MS chromatogram of methanol extract is presented in Figure 6.14.

The extract showed the presence of 10 bioactive phytochemical compounds

belonging to alcohol, esters, polyphenol, aldehyde and fatty acids groups.

Among the different bioactive compounds, five compounds were present in

high quantity illustrated in Table 6.10. The GC-MS spectrum exhibited five

major peaks and many small peaks attributed to presence of compounds in



CHAPTER 6. PRELIMINARY CHARACTERIZATIONOF NATURAL SURFACTANTS154

smaller quantities [256].

Table 6.10: Chemical constituents for methanol extract of Juglans regia by

GC-MS.

Peak Retention Peak Molecular Molecular IUPAC Name

No. Time Area Formula Mass of

(minutes) (%) (g/mol) Compound

1 8.871 25.929 C8H18O 130.23 (S)-(+)-5-Methyl

-1-heptanol

2 15.18 28.238 C6H6O3 126.11 1,2,3-

Benzenetriol

3 19.856 14.350 C11H14O2 178.23 Benzaldehyde,

4-butoxy

4 25.141 9.667 C21H38O2 322.52 n-Propyl

9,12-

octadecadienoate

5 25.213 7.194 C18H30O2 182.30 Methyl

8,11,14-

heptadecatrienoate

The compound 1,2,3-Benzenetriol (Pyrogallol) was a major constituent

in Juglans regia extract. It is a cofactor to xanthine oxidase inhibitory activ-

ity [275] and inhibits the growth of lung cancer cells [276]. It is used as

a photographic developer, in the manufacture of some dyes [277]. Methyl

8,11,14-heptadecatrienoate is used as an antibiotic [278]. It also has antibac-
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Figure 6.14: GC-MS chromatogram for methanol extract of Juglans regia.
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terial and pharmaceutical properties [279]. The GC-MS analysis showed the

presence of fatty acids, highlighting the pharmacological properties of the

plant [274].

6.4 Zephyranthes carinata

6.4.1 Thin Layer Chromatography Analysis

Figure 6.15: TLC plates for methanol extract of Zephyranthes carinata: us-
ing (Chloroform: Glacial acetic acid: Methanol: Water [8:4:1.5:1]) (a) short
wavelength (254 nm) (b) long wavelength (366 nm) (c) derivatized with PMA;
using (Petroleum ether: Ethyl acetate [90:10]) (d) short wavelength (e) de-
rivatized with PMA.

Compounds present in methanol extract of Zephyranthes carinata were

first analysed by TLC. The solvent system (Chloroform: Glacial acetic acid:

Methanol: Water [8:4:1.5:1]) gave best separation as shown in Figure 6.15.

The TLC patterns were observed at short wavelength, long wavelength and
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were derivatised with PMA. The spots seen and the corresponding Rf values

are illustrated in Table 6.11. The spots with Rf values 0.910, 0.757 and

0.658 are attributed to the presence of non-polar compounds, spots having

Rf values 0.216, 0.450, 0.486, 0.541, 0.586 to polar compounds. The broader

spot above Rf value 0.757 indicated the presence of inseparable non-polar

compounds. Spots at Rf values of 0.450 and 0.486 indicate the presence of

saponin [258, 259, 260, 261].

Table 6.11: Rf value on TLC plate for methanol extract of Zephyranthes
carinata.

Solvent System No. (Rf ) Short (Rf ) Long (Rf )
of wavelength wavelength Derivatised
Spots 254 nm 366 nm with PMA

Chloroform: 6 0.910 0.910 -
Glacial acetic acid: 0.757 0.757 -
Methanol:Water 0.658 0.658 -
(8:4:1.5:1) 0.586 0.568 -

- - 0.541
- 0.486 -
- 0.450 -
0.216 - 0.216

PET.ether:Ethyl acetate 5 0.817 - 0.817
(90:10) 0.720 - 0.720

0.596 - 0.596
0.480 - 0.480
- - 0.202

The non-polar compounds were analysed using the solvent system (Pet-

roleum ether: Ethyl acetate:[90:10]). The spots obtained are shown in Figure

6.15, Rf values are shown in Table 6.11.
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6.4.2 Column Chromatography

The methanol extract of Zephyranthes carinata eluted 70 fractions under

CC. Four fractions (Figure 6.16) showing distinct spots in TLC were further

analysed with UV-Vis. One fraction was monitored with HPLC.

Figure 6.16: Column purified fractions for methanol extract of Zephyranthes
carinata .

6.4.3 UV-Visible Spectroscopy

Figure 6.17 shows the absorbance peaks for the extracts of Zephyranthes

carinata. Absorption peaks shown in the first two rows of Table 6.12 are

around 223 nm to 244 nm. The π-π* electronic transitions due to presence

of C=C multi double bonds in the rings are responsible for such absorption.

Presence of unsaturated groups are exhibited by absorption in the range of

200-400 nm [256]. The absorption peaks in the first two rows, in the range

223 to 243 nm are attributed to the presence of saponin [170, 262, 263, 264].

Absorption at longer wavelengths are attributed to n-π* electronic trans-

itions due to presence of C=O group. Absorption peaks suggest that com-

pounds in water, methanol and column purified fractions have chromophores.

Absorption shown by methanol extract is slightly different from water
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Figure 6.17: UV-Visible absorption spectra for extracts of Zephyranthes
carinata.

Table 6.12: UV-Vis absorption for extracts of Zephyranthes carinata .

Water Methanol Fract. Fract. Fract. Fract.
Extract Extract H1 Q4 P1 U5
nm nm nm nm nm nm
- 223.48 227.87 231.63 228.55 227.74
- 235.29 243.02 - - -
- - - 261.81 255.32 250.00
283.38 281.53 294.37 316.53 282.22 306.08
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extract. This may be accounted to the differences in the types of surfactants

extracted by the solvents. Column purified fractions exhibited prominent

peaks which are not observed for water and methanol extracts which may

be attributed to removal of impurities during CC. Absorption at 280 nm is

considered due to the presence of phenolic compounds. Absorption in the

range of 240-285 nm and 300-500 nm indicates the presence of flavonoids

[265].

6.4.4 HPLC Analysis

Figure 6.18: HPLC chromatogram for methanol extract of Zephyranthes
carinata .

Figures 6.18 and 6.19 show the HPLC chromatograms of methanol extract

and column purified fraction U5 at 260 nm. Solvent systems methanol-water

and acetonitrile-water of various compositions were used. The acetonitrile-

water [50:50, 80:20, 70:30] mobile phase could not adequately resolve the

peaks. Hence methanol and water [15:85] with 0.1 % TFA was chosen at a

flow rate 1 mL/min.
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Table 6.13: HPLC for methanol extracts of Zephyranthes carinata.

Methanol Extract Column Purified Fraction U5
Retention Time Area Retention Time Area
(minutes) (%) (minutes) (%)
2.667 3.6299 2.476 37.5923
2.911 1.0025 4.092 62.4077
3.234 17.1768 - -
6.070 4.1099 - -
10.567 10.0928 - -
15.728 3.7666 - -
19.561 4.4601 - -
32.420 10.9669 - -
39.889 44.7945 - -

The peaks and their retention times are illustrated in Table 6.13. The

methanol extract showed nine peaks (Figure 6.18) for retention times 0 to 55

minutes. Peaks before retention time of 4 minutes could not be separated.

Only eight prominent peaks with significant height and area (> 1 %) were

seen.

Figure 6.19: HPLC chromatogram of column purified fraction U5 for meth-
anol extract of Zephyranthes carinata .

The chromatogram for column purified fraction is shown in Figure 6.19.
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Methanol and water [20:80] with 0.1 % TFA was used at a flow rate 1

mL/min. The column purified fraction contained two peaks for retention

times 0 to 30 minutes (Table 6.9) indicating two classes of compounds.

Peaks with retention time 10-20 minutes are attributed to the presence of

saponin [266, 268, 280]. Apart from the prominent peaks, some peaks having

area < 1 % were detected, probably due to presence of other compounds in

small quantities.

6.4.5 FTIR Analysis

Figure 6.20: FTIR spectra for extracts of Zephyranthes carinata.

FTIR spectra are shown in Figure 6.20. Table 6.14 represents the func-

tional groups present. The FTIR spectrum exhibited the presence of broad

spectrum of hydroxyl (OH), carbonyl group (C=O), C-H (stretching and
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bending), and C=C (skeletal vibration from sp2 carbon rings) which are

characteristic of oleanane triterpenoid saponin absorptions. The water and

methanol extracts showed prominent C=O peak indicating the presence of

oleanane-type triterpenoid saponins. The prominent C-O-C peak for both

the extracts indicated glycoside linkages to sapogenins [269].

Table 6.14: Functional groups present in the extracts of Zephyranthes
carinata.

Functional Groups Water Extract Methanol Extract
cm−1 cm−1

O-H 3336 3322
C-H Stretching 2920 2919, 2856
C=O 1722 1738
C=C 1631 1632
C-H Bending 1414 1471, 1378
C-O-C 1239,1131,1014 1245,1078,1012

The absorption due to C-H bending indicates a saturation in the com-

pound. The functional group C=C indicates the presence of conjugated

unsaturation [270]. Water extract exhibited prominent broad C-O-C peak

compared to methanol indicating a bigger molecule. On the other hand, the

C-H stretching for methanol extract was more prominent and sharp as com-

pared to water extract. These changes are attributed to different amounts

of compounds extracted in the two solvent systems. However, the water

and methanol extracts showed presence of similar functional groups. This

indicates that saponins are easily detectable in water and methanol extracts

[271].
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6.4.6 GC-MS Analysis

Figure 6.21 shows the graphical representation of GC-MS of methanol extract

of Zephyranthes carinata. The extract showed the presence of 16 bioactive

phytochemical compounds: alcohols, esters, hydrocarbons, fatty acids etc.

Among the compounds identified, five compounds were present in high per-

centage (Table 6.15). The GC-MS spectra showed five major peaks and

many small peaks. The presence of fatty acids in the extract highlights the

pharmacological properties of the plant [274].
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Table 6.15: Chemical constituents for methanol extract of Zephyranthes

carinata by GC-MS.

Peak Retention Peak Molecular Molecular IUPAC Name

No. Time Area Formula Mass of

(minutes) (%) (g/mol) Compound

1 8.789 8.322 C5H12N2O 116.16 O-Butylisourea

2 8.846 25.856 C8H18O 130.23 (S)-(+)-5-

Methyl-1-

heptanol

3 12.244 15.846 C6H12O2 116.15 Formic acid,

neopentyl ester

4 13.073 21.563 C12H26O2 202.33 Butane, 1,

1-dibutoxy

5 25.144 8.486 C21H38O2 322 n-Propyl

9,12-

octadecadienoate
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Figure 6.21: GC-MS chromatogram for methanol extract of Zephyranthes
carinata.
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6.5 Sapindus mukorossi

6.5.1 Thin Layer Chromatography Analysis

Figure 6.22: TLC plates for methanol extract of Sapindus mukorossi : using
(Chloroform: Glacial acetic acid: Methanol: Water [8:4:1.5:1]) (a) short
wavelength (254nm) (b) derivatized with PMA; using (Petroleum ether:
Ethyl acetate [50:50]) (c) short wavelength (d) derivatized with PMA.

Figure 6.22 shows the TLC for methanol extract of Sapindus mukorossi

using solvent system (Chloroform: Glacial acetic acid: Methanol: Water

[8:4:1.5:1]) [192]. The resulting TLC patterns were viewed as given in Table

6.16.

The spots with Rf values 0.822 (light grey) and 0.711 (grey) were due to

non-polar compounds while spots with Rf values 0.200 (light black), 0.289

(black) and 0.400 (black) were due to polar compounds. The broader spot

above Rf value 0.400 indicated inseparable non-polar components. The Rf

value of 0.400 is attributed to the presence of saponin [258].

A non-polar solvent system (Petroleum ether: Ethyl acetate [50:50]) was

used to study the non-polar compounds. Two spots having Rf value 0.783
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Table 6.16: Rf value on TLC plate for methanol extract of Sapindus
mukorossi.

Solvent System No. (Rf ) Short (Rf )
of wavelength Derivatised
Spots 254 nm with PMA

Chloroform: 5 - 0.822
Glacial acetic acid: - 0.711
Methanol:Water - 0.400
(8:4:1.5:1) 0.339 -

- 0.289
- 0.200

PET.ether:Ethyl acetate 2 - 0.870
(50:50) - 0.783

and 0.870 were obtained (Figure 6.1).

A large amount of work has already been done on isolation and charac-

terization of Sapindus mukorossi [149, 150, 151, 152]. Hence, CC was not

performed for this sample.

6.5.2 UV-Visible Spectroscopy

Figure 6.23 shows the absorbance peaks for water and methanol extracts of

Sapindus mukorossi. Absorbance is seen at 214.83 nm for water and 217.05

nm and 248.15 nm for methanol, attributed to π-π* electronic transitions due

to presence of C=C multi double bonds in the rings. Absorptions at 214.83

nm for water and 217.05 nm for methanol are attributed to the presence of

saponin (Figure 6.23). Absorption peak at longer wavelength (Table 6.17) is

observed at 278.13 nm for water, attributed to n-π* electronic transitions of

C=O group. Water and methanol extracts showed similar absorbance.
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Figure 6.23: UV-Visible absorption spectra for extracts of Sapindus
mukorossi.

Table 6.17: UV-Vis absorption for extracts of Sapindus mukorossi.

Water Extract (nm) Methanol Extract (nm)
214.83 217.05
- 248.15
278.13 -
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6.5.3 HPLC Analysis

Figure 6.24: HPLC chromatogram for the methanol extract of Sapindus
mukorossi.

Figure 6.24 shows the HPLC chromatograms of methanol extract at 260

nm. Methanol-water and acetonitrile-water were used as the solvent system.

The acetonitrile-water [50:50, 80:20, 70:30, 20:80, 10:90, 15:85] mobile phase

could not adequately resolve the peaks. Methanol and water [10:90] with 0.1

% TFA was chosen at a flow rate 1 mL/min.

Table 6.18 shows the retention times and areas of the peaks. The chroma-

togram showed 14 peaks (Figure 6.24) for retention times 0 to 45 minutes.

However, only 11 prominent peaks had significant area (> 1 %). Peaks

with retention time 10-20 minutes are attributed to the presence of saponin

[266, 267, 268, 280].

6.5.4 FTIR Analysis

FTIR spectra are shown in Figure 6.25. Table 6.19 illustrates the various

functional groups present. FTIR spectrum exhibited presence of hydroxyl

(OH), carbonyl (C=O), C-H (stretching and bending), and C=C (skeletal



CHAPTER 6. PRELIMINARY CHARACTERIZATIONOF NATURAL SURFACTANTS171

Table 6.18: HPLC chromatogram for the methanol extract of Sapindus
mukorossi.

Retention Time (minutes) Area (%)
3.357 21.9293
3.850 4.3849
5.438 2.9985
6.095 2.0979
6.846 2.5823
8.905 2.4176
9.709 2.2128
10.356 0.7729
14.427 1.5980
15.226 5.8063
15.804 20.2603
16.839 1.2955
18.330 17.5963
19.018 14.0475

Figure 6.25: FTIR spectra for extracts of Sapindus mukorossi .
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vibration from sp2 carbon rings) characteristic of oleanane-type triterpenoid

saponin absorptions. The prominent peak of C-O-C for both the extracts

indicated prominent glycoside linkage to sapogenins [269].

Table 6.19: Functional groups present in extracts of Sapindus mukorossi.

Functional Groups Water Extract Methanol Extract
cm−1 cm−1

O-H 3298 3258
C-H Stretching 2932 2919, 2864
C=O 1723 1719, 1691
C=C 1594 1643
C-H Bending 1369 1451, 1363
C-O-C 1249, 1034 1240, 1038

The absorption due to the C-H bending for water and methanol indicates

a saturation in the compound. The functional group C=C indicates the

presence of conjugated unsaturation [270]. Water extract exhibited a broader

peak for O-H compared to methanol indicating a bigger molecule. The water

and methanol extract showed similar functional groups which indicates that

saponins are easily detectable in water and methanol extracts [271].

6.5.5 GC-MS Analysis

The GC-MS chromatogram for methanol extract of Sapindus mukorossi is

presented in Figure 6.26. The extract showed 27 bioactive phytochemical

compounds: alcohols, esters, aldehydes, fatty acids etc. Table 6.20 illustrates

the six prominent compounds.
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Figure 6.26: GC-MS chromatogram for the methanol extract of Sapindus
mukorossi.
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Table 6.20: Chemical constituents for methanol extract of Sapindus

mukorossi by GC-MS.

Peak Retention Peak Molecular Molecular IUPAC Name

No. Time Area Formula Mass of

(minutes) (%) (g/mol) Compound

1 4.556 9.524 C8H16O2 144.21 Acetic acid,

hexyl ester

2 8.170 5.992 C8H16O2 144.21 Butanoic acid,

butyl ester

3 8.807 9.202 C5H12N2O 116.16 O-Butylisourea

4 8.864 10.907 C8H18O 130.23 1-Hexanol,

2-ethyl

5 23.544 5.899 C16H32O2 256.42 n-Hexadecanoic

acid

6 25.674 26.316 C19H36O 280.49 2-Methyl-Z,Z-

3,13-octadecadienol

Some of the compounds present in extracts of Sapindus mukorossi is sim-

ilar to Albizia procera extracts. Hexadecanoic acid, methyl ester a palmitic

acid compound have biological properties such as anti-oxidant, anti-inflamatory

[281], lubricant activities [272]. Palmitic acid is a good source of toiletry and

laundry soap [273]. 2-Methyl-Z,Z-3,13-octadecadienol is reported to possess

anti-cancer properties [282]. The presence of fatty acids shows the pharma-

cological characteristics of the plant [274].
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6.6 Acacia concinna

6.6.1 Thin Layer Chromatography Analysis

Figure 6.27: TLC plates for methanol extract of Acacia concinna derivat-
ized with anisaldehyde-sulphuric acid reagent using (a) (Chloroform: Glacial
acetic acid: Methanol: Water [8:4:1.5:1]) (b) (Petroleum ether: Ethyl acetate
[80:20]).

TLC of Acacia concinna extract was conducted using Chloroform: Gla-

cial acetic acid: Methanol: Water [8:4:1.5:1]. When the TLC plate was

derivatized with anisaldehyde-sulphuric acid reagent it showed three spots

(Table 6.21) with Rf values 0.87 (black) due to non-polar compounds and

Rf values 0.48 (dark green) and 0.61 (light brown) due to polar compounds

(Figure 6.27(a)). The plate did not show any distinct spots under short or

long wavelength. The broad spot above Rf value 0.48 may be due to insepar-

able polar compounds. Also, the long tail like structure above the spot with
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Rf value 0.87 indicated inseparable non-polar compounds. Anisaldehyde-

sulphuric acid reagent showed a dark green coloured spot with a Rf value of

0.48 indicating saponins [258].

Using a non-polar solvent system (Petroleum ether: Ethyl acetate [60:40]),

two spots having Rf value 0.79 and 0.87 were obtained as shown in Figure

6.27(b).

Table 6.21: Rf value on TLC plate for methanol extract of Acacia concinna.

Solvent System No. of (Rf ) Derivatised
spots with PMA

Chloroform: 3 0.87
Glacial acetic acid: 0.61
Methanol:Water 0.48
(8:4:1.5:1)
PET.ether:Ethyl acetate 2 0.87
(60:40) 0.79

6.6.2 Column Chromatography

The methanol extract of Acacia concinna was subjected to CC to elute 72

fractions. Four fractions (Figure 6.28) showing distinct spot in TLC were

further analysed with UV-Vis and FTIR. One fraction was monitored with

HPLC.
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Figure 6.28: Column purified fractions for methanol extract of Acacia con-
cinna.

6.6.3 UV-Vis Spectroscopy

Figure 6.29: UV-Vis absorption spectra for extracts of Acacia concinna.

Figure 6.29 shows the absorbance peaks for the extracts of Acacia con-

cinna. The results are summarized in Table 6.22. Absorption peaks shown

in the first row is in the range 230 nm to 240 nm. This is attributed to π-

π* electronic transitions due to presence of C=C multi double bonds in the
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rings. Absorption between 200-400 nm indicates the presence of unsaturated

groups [256]. The absorption peaks in the range of 230 nm to 240 nm are

attributed to the presence of saponin (Figure 6.29).

Table 6.22: UV-Vis absorption for extracts of Acacia concinna .

Water Methanol Fract. Fract. Fract. Fract.
Extract Extract E7 I6 K5 L6
nm nm nm nm nm nm
- 237.30 230.52 239.13 238.10 240.08
277.50 271.09 268.89 270.28 262.99 263.91
303.27 327.42 326.79 322.22 334.82 332.58

Absorption peaks at longer wavelengths are attributed to n-π* electronic

transitions due to the presence of C=O group. The absorption peak suggests

that the compounds have chromophores.

Methanol extract and column purified fractions showed similar absorb-

ance. Column purified fractions exhibited prominent peaks which are not

observed for water extract. These changes may be attributed to differences

in the type of surfactants extracted by the solvents. Absorption peaks in

the range of 240-285 nm and 300-500 nm indicates the presence of flavonoids

[265].

6.6.4 HPLC Analysis

The methanol extract of Acacia concinna and one column purified fraction

I6 were subjected to HPLC for further analysis. Figures 6.30 and 6.31 show

the chromatograms at a wavelength of 260 nm.

Different solvent systems like methanol-water and acetonitrile-water in
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Figure 6.30: HPLC chromatogram for methanol extract of Acacia concinna
.

varying compositions were used for elution on HPLC. Good peak separations

were obtained using methanol and water [15:85] for methanol extract and

[20:80] for column purified fraction with 0.1 % TFA at a flow rate 1 mL/min

[266].

Table 6.23: HPLC for methanol extracts of Acacia concinna.

Methanol Extract Column Purified Fraction I6
Retention Time Area Retention Time Area
(minutes) (%) (minutes) (%)
2.564 12.1833 2.411 42.7874
6.457 12.0855 3.498 9.9422
8.399 35.6560 4.063 22.4084
10.609 10.4089 5.714 13.0985
12.334 29.6663 7.771 11.7635

The retention time and area of the peaks are illustrated in Table 6.23.

The methanol extract showed five distinct peaks (Figure 6.30) for retention

times 0 to 45 minutes.

The chromatogram for column purified fraction I6 shown in Figure 6.31

contained five distinct peaks indicating that five classes of compound still

exists. The peaks obtained were sharp, distinct and prominent. This could
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Figure 6.31: HPLC chromatogram of column purified fraction I6 for methanol
extract of Acacia concinna .

be due to the removal of some compounds during CC.

The elution of the solvent with lower retention time indicates the presence

of polar compounds and higher retention time non-polar compounds. Peaks

with retention time 10-20 minutes indicated the presence of saponin [266,

268, 280].

6.6.5 FTIR Analysis

Figure 6.32 illustrates the FTIR spectra. The different functional groups

present are outlined in Table 6.24. Hydroxyl, alkyl, ether and ester groups

were seen. Characteristic oleanane triterpenoid saponin absorptions were

seen, showing the presence of OH, C=O, C-H, and C=C. Oleanane-type

triterpenoid saponins are characterized by the C=O bond due to the pres-

ence of oleanolic acid/ester. The absorption peak due to C-O-C indicated

glycoside linkages to the sapogenins [269].

Similar functional groups were present in water, methanol and column

purified fractions. This showed that saponin can be easily detected in water

and methanol extracts [271]. Prominent glycoside linkages to the sapogenins,
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Figure 6.32: FTIR spectra for extracts of Acacia concinna.

Table 6.24: Functional groups present in extracts of Acacia concinna.

Functional Water Methanol Fract. Fract. Fract. Fract.
Groups Extract Extract E7 I6 K5 L6

cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

O-H 3228 3409 3381 3360 3359 3353
C-H 2989 2957 2957 2960 2958 2957
Stretching 2971 2920 2922 2921 2922

2901 2851 2856 2851 2958 2851
C=O 1783 1794 1713 1717 1792 1723

1742 1734 - - 1724 1712
1712 - - - - -

C=C 1610 1651 1665 1662 1664 1666
- - 1513 1653 1654 1657
- - - 1645 - 1651

C-H 1409 1662 1461 1458 1462 1461
Bending 1382 1379 1377 1378 1375 1378
C-O-C 1239 1264 1261 1271 1262 1263

1075 1186 1072 1086 1075 1072
1055 1044 1027 1045 1045 1046
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C-O-C is seen for water and column purified fractions I6, K5 and L6. The

observed changes in FTIR spectrum is attributed to the efficient removal of

impurities during purification process making the peak prominent.

6.6.6 GC-MS Analysis

Figure 6.33: GC-MS chromatogram for methanol extract of Acacia concinna.

The GC-MS representation for methanol extract of Acacia concinna is

shown in Figure 6.33 leading to identification of a large number of com-

pounds. The methanol extract showed the presence of 36 bioactive phyto-

chemical compounds: alcohols, esters, aromatic substances, fatty acids etc.

The prominent compounds are illustrated in Table 6.25. The presence of

fatty acids in the plant extract shows that the plant could have for pharma-

cological usage [274].
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Table 6.25: Chemical constituents for methanol extract of Acacia concinna
by GC-MS.
Peak Retention Peak Molecular Molecular IUPAC Name
No. Time Area Formula Mass of

(minutes) (%) (g/mol) Compound
1 9.284 18.00 C7H10O2 126.15 1,3-Cyclo-,

-hexanedione
2-methyl

2 14.615 5.89 C10H16O2 168.23 Neric acid
3 19.413 9.82 C15H22O 218.33 (3aR, 4R, 7R)

-1,4,9,9-
Tetramethyl-
3,4,5,6,7,8-
hexahydro-2H-3a,
7-methanoazulen-2-one

4 35.556 8.92 C34H46N2O6 578.74 Cholesta-5,
7-dien-3.
-ol,3,5-
dinitrobenzoate

6.7 Conclusion

The results obtained from this study contribute to the knowledge of chemical

composition of the extracts of Albizia procera, Juglans regia, Zephyranthes

carinata, Acacia concinna and Sapindus mukorossi. The TLC showed the

presence of saponin having large number of polar and non-polar groups. UV-

Vis results confirmed the presence of saponin along with smaller amount of

flavonoids. FTIR analysis on these extracts suggest the presence of triter-

penoid saponins. The results from the HPLC analysis suggest that good sep-

aration of compounds is possible using water-methanol solvent system with

varying compositions. The GC-MS gave a detailed insight of the chemical

profiles of the compounds present. The GC-MS analysis showed the presence
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of diverse classes of compounds having biological, industrial and pharmacolo-

gical importance. The presence of fatty acids in these plant extract provides

the pharmacological characteristics of the plants. Thus the natural surfact-

ant contains a wide range of pharmacologically interesting compounds which

could be exploited in future.



Chapter 7

Two-Dimensional One-Shot

Forced Drainage

After studying the surface and foam properties of natural surfactants, it

is essential to examine drainage properties of foam, an important factor in

analyzing the stability of foam. The drainage profile in natural surfactant

systems were investigated by studying the drainage characteristics; the bal-

ance between gravity and capillarity over time. This is perhaps the first

study of foam drainage on plant based natural surfactant systems.

7.1 Introduction

Drainage is the flow of liquid through foam as a result of gravity and capil-

larity. It is an important aspect to study the physics of foams [82]. The grav-

itational forces cause most of the liquid to drain, thus destabilizing the foam

and changing its rheological properties. It is a complex physico-chemical

185
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hydrodynamic process depending not only on shape and size of the Plateau

borders but also on the rate of destruction of foam by bubble coalescence

[222]. The liquid flows out of the foam when the hydrostatic pressure at the

bottom of foam column becomes larger than the external pressure. When

the foam becomes dry, liquid films become thinner, the structure becomes

fragile resulting in collapse. Drainage is thus ultimately related to the stabil-

ity of foam. A study of drainage is important for industries such as brewing,

petroleum and separation technology [13].

The drainage process is controlled by surface energy and viscous dissipa-

tion of the liquid. Gravity affects the viscous dissipation as greater gravity

leads to faster flow of liquid and hence larger viscous dissipation. As the

liquid flows along the channels, it pushes the bubbles to adjust their shape

by surface tension and also causes rearrangements. This makes the channel

wider or narrower, thus affecting liquid flow [82].

The liquid draining from the foam undergoes viscous losses determined

by two drainage regimes. The channel dominated/Poiseuille flow (viscous

losses dominant in the Plateau borders) and the node dominated/ Plug flow

(viscous loss dominant in the nodes) [81, 283]. For Poiseuille flow the scaling

law between the velocity of drainage wave v and input flow rate Q is given

by [79]

v ∝ Q1/2 (7.1)

In plug flow the relation is[284].

v ∝ Q1/3 (7.2)
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Many studies have been carried out on drainage in one-dimension over

the years [75, 78, 79, 285, 286]. However, limited amount of work have been

performed for two-dimensional drainage [13, 77, 83]. Forced drainage is the

downward flow of liquid poured at a constant rate on top of a dry foam

[80]. It leads to a propagation of wet wave through the foam. Addition of

surfactant solution on top of a foam periodically leads to pulsed drainage, a

modification of forced drainage [222].

In this work we have studied one-shot forced drainage in two-dimensions

using natural plant based surfactant systems. The foams were produced by

passing nitrogen gas in a Hele-Shaw cell containing surfactant solution. The

details of the experimental system is described in Chapter 3. This is the first

study of drainage profile in plant based natural surfactant systems. Here

even though the system is three dimensional, drainage properties of foams

are investigated in only one face of a rectangular cell. Thus it is referred

to as two-dimensional drainage, the dimensions mentioned are the vertical

and the horizontal. The remaining horizontal direction will be similar to the

one studied. In addition, I have also tried to investigate the shape of the

drainage profile as it flows downstream. This study could provide a valuable

insight about the drainage characteristics. Two natural surfactant systems,

Sapindus mukorossi and Acacia concinna have been studied.
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Figure 7.1: Snapshot of 2 D drainage for Sapindus mukorossi, 0.5 ml liquid
added. Photograph shows precursor movement after 10 seconds.

7.2 Sapindus mukorossi

7.2.1 Drainage Profile

One-shot forced drainage was studied in two-dimension using a Hele-Shaw

cell. Foam was prepared on a 4.69 × 10−2 g/cc solution by Bikerman’s

method. Mono-dispersed foam having small bubbles (∼ < 0.5 mm) was

produced. 0.5 ml of the same surfactant solution with a blue dye was added

at the top of the foam column. Snapshots of the drainage pattern at different

times are shown in Figure 7.1. The intensity of light received by the camera is

taken as an indication of liquid fraction, darker foam corresponding to higher

liquid fraction. The draining wave travels faster in the vertical direction

compared to horizontal direction. The vertical movement is attributed to

gravity while the horizontal spreading is due to capillarity.

Figure 7.2(a) shows the propagation of drainage wave in vertical and ho-

rizontal directions as a function of time. The vertical front moves linearly

while the horizontal front moves initially and then remains fixed. The linear

increase in front position indicates that the drainage wave flows downwards

with a constant speed. The vertical position of the wave is plotted on a
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(a) (b)

Figure 7.2: (a) Position of wave front along vertical and horizontal directions
as a function of time (b) Variation of vertical and horizontal velocity with
time.

double logarithmic scale. It is observed that the vertical front position pro-

ceeds with time in the form of power law v ∝ Qβ. The exponent obtained is

β = 0.5 ± 0.03, similar to the exponent β = 0.67 reported by Hutzler et al

for synthetic surfactants [13]. The value of the exponent indicates that the

flow is Poiseuille type. Horizontal front position moves and then becomes

almost constant. Power law behaviour is not seen. This indicates that Sap-

indus mukorossi system exhibits similar drainage characteristics as synthetic

surfactant systems [13].

The variation of velocity of wave front with time is shown in Figure 7.2(b).

The velocity of the wave decreases as it descends and spreads out in the

horizontal direction. It is observed that the drainage wave front initially

spreads in both directions. The wave front stagnates after 3.81± 0.51 seconds

in the horizontal direction and 3.03 ± 0.62 seconds in the vertical direction.

The spreading of drainage wave in horizontal direction may be attributed

to diffusion of moving molecules into the foam. The spreading may also
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be due to collision of moving molecules with stationary ones. The diffusion

of the moving molecules ceases after some time, may be due to molecular

collision lowering the energy and momentum of the particles. The decrease

in velocity in the vertical direction can be attributed to equilibrium attained

between gravitational and drag force on the surfactant solution after 3.03 ±

0.62 seconds. The amount of liquid flowing down the foam column is also

reduced due to horizontal spreading as well as some liquid getting stuck to

the foam.

7.2.2 Drainage Profile Shape

Figure 7.3: Shape of the drainage pattern. The vertical axis is shown up-
wards, hence the shape should be visualised in reverse.

When solution is added from the top, the liquid drains in the foam, velo-

cities vary widely and the liquid spreads gradually occupying an increasing

portion of flow region. Figure 7.3 shows the drainage pattern at 1, 5 and

10 seconds. This microscopic phenomenon is attributed to the combination
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of molecular diffusion and hydrodynamic mixing occurring with the laminar

flow through the foam. This results in a conic form downstream from a

continuous point source producing an expanding ellipsoid [287].

7.2.3 Liquid Fraction along Vertical and Horizontal

Positions

The gray scale (K) or the intensity of light at any point is taken as an

indication of the liquid fraction. Thus the profiles of the liquid fraction

represents the beginning of propagation of the drainage wave, it’s initial

build-up at the top of the foam and finally the flow of the drainage wave

downstream. The drainage wave moves downwards from the source and tends

to be a normal Gaussian distribution vertically and horizontally, as illustrated

in Figure 7.4. The drainage profile obtained for one-shot forced drainage is

similar to pulsed drainage profile [75]. The drainage profile exhibits three

regions. The first region is the rear which is the injection point. The second

region is the middle region, which extends from the injection point to the

maximum of liquid fraction. The third region is the front, which is the region

below the maximum liquid fraction [75].

The vertical component is larger than the horizontal, which indicates that

the major axis of mixing occurs in the direction of flow. The drainage wave

along vertical and horizontal direction shows a normal Gaussian shape. The

normal Gaussian distribution, along the vertical direction distorts after 10

seconds indicating that there exist two types of flow. This may also indicate

that most of the liquid is flowing together through the foam and only a
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Figure 7.4: (a) Profiles of liquid fraction along the vertical and horizontal
(b) Position of the wetting front moving through the foam.

small portion is flowing at a faster rate. The spreading of the wave along the

horizontal direction becomes almost constant after 30 seconds. This indicates

that most of the liquid is moving together vertically and only a small part is

spreading in the horizontal direction or remaining at the point of origin.

Figure 7.4 (b) gives the movement of the position of the maximum liquid

fraction (red circles). Also plotted is the position of the lowest point of the

wave front (black squares). It is evident that the front position moves faster

than the maximum liquid fraction indicating two different movements.

7.2.4 Effect of added dye on Surface Tension

The effect of adding indigo dye to Sapindus mukorossi solution was studied

below CMC, just before CMC and above CMC. The surface tension curves

are as illustrated in Figure 7.5. It is observed that below CMC the added

dye has little affect on the surface tension. The surface tension reduced

as the amount of the dye was increased. The surfactant molecules exist as
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Figure 7.5: Surface tension as a function of amount of dye added.

monomers and the dye particles were able to come up to the surface.

When the dye was added just before CMC, it was observed that the

surface tension was not much affected. Just before CMC, more molecules

exist at the air-water interface and no dye molecules could be accommodated.

This lead to the formation of micelles. The dye particles may have surrounded

the micelles due to which no significant change in surface tension was seen.

Above CMC, the dye had minimal effect on surface tension. Since we are

working on solutions where micelles have already been formed, the dye should

not have any significant effect on the drainage process.



CHAPTER 7. TWO-DIMENSIONAL ONE-SHOT FORCEDDRAINAGE194

Figure 7.6: Snapshot of 2 D drainage for Acacia concinna, 0.5 ml liquid
added. Photograph shows precursor movement after 10 seconds.

7.3 Acacia concinna

7.3.1 Drainage Profile

Another surfactant system, Acacia concinna was used to investigate one-shot

forced drainage. Bikerman’s method was used to generate foam with the

concentration of the solution 5.25 × 10−2 g/cc. Poly-dispersed foam having

large bubble size (∼ > 0.5 mm) was produced by this surfactant system. As

in the case of Sapindus mukorossi system, a 0.5 ml surfactant solution with a

dye was added at the top of the foam column prepared. Figure 7.6 illustrates

two-dimensional drainage at different time scale. The draining wave again

travelled faster in the vertical direction, as compared to horizontal direction.

The propagation of drainage wave in vertical and horizontal directions

with time is shown in Figure 7.7(a). The results were similar to Sapindus

mukorossi system. The vertical front position increases linearly indicating

that the drainage wave flows downwards with a constant speed. The hori-

zontal front position increases and then remains constant with time. Plotting
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(a) (b)

Figure 7.7: (a) Position of wave front along vertical and horizontal directions
(b) Variation of vertical and horizontal velocity with time.

the vertical position of the wave on a double logarithmic scale, it is observed

that the vertical front position proceeds with time in the form of power law

v ∝ Qβ. The exponent obtained is β = 0.541 ± 0.023 was similar to Sap-

indus mukorossi and that reported for synthetic surfactants [13]. The flow

exhibited is also Poiseuille. The power law is not followed in the horizontal

direction as front position moves and then becomes almost constant. This

results indicates that Acacia concinna system also exhibited similar drainage

characteristics as Sapindus mukorossi and synthetic surfactant systems.

Figure 7.7(b) illustrates the variation of wave front velocity with time. As

in the case of Sapindus mukorossi system, the drainage wave front spreads

in both directions and stagnates after 6.59 ± 1.15 seconds in the horizontal

direction and 8.14 ± 4.47 seconds in the vertical direction.

7.3.2 Drainage Profile Shape

Figure 7.8 shows the drainage pattern for 1 second, 5 seconds and 10 seconds.

The shape of the drainage pattern is similar to Sapindus mukorossi system
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Figure 7.8: Shape of the drainage pattern.

with slight distortion. This distortion may be attributed to the size and

nature of the bubbles formed. When liquid is added, it drains in the foam,

resulting in variation of velocities. The liquid spreads gradually occupying an

increasing portion of flow region. The combination of molecular diffusion and

hydrodynamic mixing in the laminar flow through the foam is responsible for

this microscopic phenomenon. Thus a conic form is produced resulting in an

expanding ellipsoid [287].

7.3.3 Liquid Fraction along Vertical and Horizontal

Position

The liquid fraction profile is similar to Sapindus mukorosssi system. Figure

7.9(a) shows that initially the liquid fraction is constant for a short distance

and becomes very small immediately after that. This behaviour was not

seen for Sapindus mukorossi. The constant liquid fraction corresponds to wet



CHAPTER 7. TWO-DIMENSIONAL ONE-SHOT FORCEDDRAINAGE197

foam and the rapid decrease means that the foam below is dry [81]. After few

seconds the drainage wave travels downwards from the source and tends to be

a distorted Gaussian distribution vertically and horizontally. This distortion

is due to the poly-dispersed foam produced by Acacia concinna system.

(a)

 Rear

Middle

Front

(b)

Figure 7.9: (a) Profiles of liquid fraction along the vertical and horizontal
(b) Position of the wetting front moving through the foam.

The distorted Gaussian distribution along the vertical direction shows

variation in its flow after 10 seconds indicating that there exists two types of

flow. The variation in it’s nature also indicates that most of the liquid is flow-

ing together through the foam and a small portion is flowing at a faster rate.

The spreading of the wave along the horizontal direction becomes almost

constant after 5.5 seconds. This indicates that most of the liquid is mov-

ing together downward and only a small part is spreading in the horizontal

direction or remaining stationary.

Figure 7.9 (b) shows the variation of position of maximum liquid fraction

along the vertical direction and the lowest point of the wave front along

the vertical at a given time. The front position thus moves faster than the

maximum liquid fraction.
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7.4 Conclusion

To quantitatively understand the process of foam drainage, forced drainage

experiment in two-dimensions for Sapindus mukorossi and Acacia concinna

system were performed. This is probably the first study of one-shot forced

drainage through plant based natural surfactant systems. Similar basic drain-

age profiles were exhibited by both systems. The drainage wave flows down-

wards and also spreads horizontally as it descends. The horizontal spreading

is attributed to diffusion of added solution into the foam and collision of

spreading molecules with the foam. The vertical flow slows down after at-

taining equilibrium between gravitational force and drag force. The vertical

front position for both the systems follows a power law behaviour. The res-

ults from the drainage profile indicate a Poiseuille flow, similar to results

obtained by Hutzler et al for synthetic surfactants [13].

In addition, we have analysed the shape of the drainage profile for both

systems which exhibit a conic form downstream and later produces an ex-

panding ellipsoid. The liquid fraction analysis shows that the drainage profile

for Sapindus mukorossi is a normal Gaussian distribution along the hori-

zontal and asymmetric Gaussian distribution along the vertical. The Acacia

concinna system shows distorted Gaussian distribution along the horizontal

and vertical directions, attributed to poly-dispersed foam. The vertical move-

ment of the liquid through the foam exhibits two different types of movement.

The presence of two different movements of the liquid has not been previ-

ously reported in the literature. Whether it is a precursor followed by the

main liquid is still a question that has to be further investigated.
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As a precautionary measure, the effect of added dye on surface tension

was studied for Sapindus mukorossi system. The results indicate that the

added dye did not have any major effect.
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Chapter 8

Concluding Remarks and

Future Prospects

This chapter summarizes the research work presented in the thesis. In ad-

dition, some suggestions have been made for possible further work in the

field.

8.1 Conclusion

In the thrust to find an eco-friendly alternative to synthetic surfactants,

we investigated the surface and foam properties of five plant based natural

surfactants. The plants studied were Sapindus mukorossi, Albizia procera,

Juglans regia, Zephyranthes carinata and Acacia concinna. The surface activ-

ity of some synthetic surfactants were studied as a reference. In addition,

we studied the chemical profiles of the natural surfactants and carried out a

preliminary characterization of the compounds present.

201
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The studies on surface and foam characteristics (Chapter 4) revealed that

the plant extracted natural surfactants exhibited similar properties to that

of synthetic ones. The surface activities of Albizia procera, Zephyranthes

carinata and Juglans regia have been studied for the first time. Sapindus

mukorossi and Acacia concinna exhibited greater surface tension reduction

indicating good detergency while Albizia procera, Juglans regia, Zephyranthes

carinata showed moderate detergency. Sapindus mukorossi, Acacia concinna,

Zephyranthes carinata are acid balanced with respect to human skin while

Albizia procera and Juglans regia are less acidic. Good wetting was shown

by Albizia procera and Acacia concinna and moderate wetting by Sapindus

mukorossi and Zephyranthes carinata. Juglans regia did not exhibit any

change in wetting from pure water even though the surface tension reduced

significantly. All the surfactants exhibited low CMC except Acacia concinna

indicating that micellar solubilization begin at a lower concentration.

Addition of salt on foaming below and at CMC revealed an optimum limit

for maximum foaming. Above CMC, foaming decreases with salt concentra-

tion. This could be attributed to enhanced electrostatic repulsion between

adsorbed and non-adsorbed particles and also due to reduced adsorption at

the air-water interface.

Emulsification studies reveal that emulsion stability decreases in the re-

gion of micelle formation. Good emulsification properties were shown by

Sapindus mukorossi and Zephyranthes carinata which could find many in-

dustrial applications. The effect of salt on viscosity was minimal for natural

surfactants indicating their non-ionic nature. The natural surfactants ex-

hibited surface and foam properties similar to synthetic surfactants making
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them potential candidates for good surface activity useful for many cosmetic

and food industries.

Exploring the surface and foam properties lead us to study the CMCs

of surfactants. Dirt Dispersion (DD) or the amount of dirt present in the

foam is an important parameter. We have quantified DD for the first time

and have studied its variation with concentration. While quantifying DD

we were able to measure the CMCs of surfacants using a digital camera and

a computer with appropriate software (Chapter 5). Dirt in foam increases,

reaches a maximum and then decreases with increase in concentration. The

concentration at which maximum amount of dirt remains in the foam cor-

responds to CMC. The results illustrate that this approach towards CMC

measurement agrees with surface tension measurements. This leads to a new

approach of CMC determination which is easy, inexpensive and requires very

small amount of sample. In addition, CMC for complex mixtures can also

be obtained, leading to easy low cost approach for CMC determination of

non-ionic surfactants.

To understand their chemical profile preliminary characterization of the

natural surfactants were performed (Chapter 6). TLC analysis revealed the

presence of saponin having a large number of polar and non-polar groups.

The presence of saponin along with small amount of flavonoids was sup-

ported by the UV-Vis results. Investigating FTIR suggest the presence of

triterpenoid saponin.

HPLC results indicate the presence of large number of compounds. Good

separation of compounds was achieved using water-methanol solvent system.

The details of the different chemical profiles of the compounds were investig-
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ated by GC-MS which showed the presence of diverse classes of compounds

belonging to alcohol, esters, aldehyde and fatty acids classes.

Drainage is an essential factor in analyzing the stability of foam. The sta-

bility mechanism of foam was understood by studying one-shot two-dimensional

drainage characteristics, a balance between gravity and capillarity over time

(Chapter 7). A dye was added to the added surfactant from the top of the

foam to make drainage visible. This is the first study of two-dimensional

foam drainage on plant based natural surfactants.

The drainage profiles exhibited by Sapindus mukorossi and Acacia con-

cinna systems were similar. The draining wave flows vertically due to gravity

and spreads horizontally as it descends. The drainage profile reveals that the

vertical front position proceeds with time in the form of power law. These

natural systems exhibit a Poiseuille type flow, similar to the results obtained

by Hutzler et al for synthetic surfactants [13].

The drainage wave for both systems reveal a conic form downstream pro-

ducing an expanding ellipsoid with time. Liquid fraction analysis of Sapindus

mukorossi system showed normal Gaussian distribution along the horizontal

and asymmetric Gaussian distribution along the vertical. Acacia concinna

system showed distorted Gaussian distribution along the horizontal and ver-

tical directions, attributed to the poly-dispersity of the foam. This asym-

metric Gaussian distribution along the vertical is attributed to the existence

of two different types of movement as the drainage wave flows downstream.

These two movements of the liquid through the foam has not been previ-

ously reported in the literature. The reason behind this is still a question

that needs to be investigated further.
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8.2 Future Prospects

From the study of surface and foam properties of natural surfacants (Chapter

4), we have seen that the natural surfactants are appropriate candidates for

surface activity. Further studies on surface and foam properties could be per-

formed on mixed surfactant systems which could exhibit better performance

than a single surfactant system. This could further give an understanding of

the synergistic interaction of the mixed surfactants providing a wider use of

the natural surfactants.

Chapter 5 suggests a new approach towards measurement of CMC of non-

ionic surfactants. Further studies on other mixed micelle systems should be

conducted using this approach which could provide a better understanding

micelles and CMC should also be studied using Dynamic Light Scattering

technique.

Preliminary characterization for natural surfactants have given interesting

results (Chapter 6). Further work on purification of individual compounds

would reveal their structures that would be beneficial.

Chapter 7 describes two-dimensional one-shot forced drainage where the

drainage profile, shape of drainage and liquid fraction were investigated. The

experimental results should further be subjected to theoretical understand-

ing. This would complement the experimental results and allow a better

understanding of drainage in foams.
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Appendix

Identification of Plants

The letters of identification and authentication of parts of the plant are

presented below:
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