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ABSTRACT 

Polymers and surfactants are usually added to Gasoline fuel formulations to help in the 

dispersion of carbonaceous particles formed during internal combustion. The polymer 

molecules are terminally functionalised, low molar mass polyisobutylenes (PIB) whilst 

the surfactants are alcohol or allylphenol alkoxylate molecules. This study investigates 

the mechanism by which the molecules help reduce deposition. Adsorption isotherms 

of a PIB polymer, and surfactant molecules on stainless steel beads (-7 µm) and carbon 

particles (- 214 nm) have been obtained. These isotherms show that the presence of a 

functional group increases adsorption. Surfactant molecules also reduce the adsorption 

of the polymer on steel. Modelling the isotherms shows the presence of aggregates on 

the surface with aggregation numbers ranging between 2 and 6. Interactions and 

aggregations in solutions have also been studied by using a hydrophilic dye. 

Rhodamine B. and the presence of a functional group appears to enhance aggregation. 

Flow-cell studies demonstrate the cleaning properties of the surfactants and indicate a 

synergistic interaction between the polymer and the surfactants. These studies clearly 

show that the presence of the polymer is necessary prior to deposition for the carbon 

particles to be removed afterwards. Atomic force microscopy and ellipsometry studies 

also show that the polymer is primarily the species providing a steric barrier. 
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CHAPTER 1: INTRODUCTION 

1.1. Introduction 

The oxidation and polymerisation of hydrocarbon fuel can lead to deposit formation on 

the surface of engine components, such as carburettor ports, fuel injectors, intake 

valves, etc. These deposits can also be formed due to the incomplete combustion of the 

mixture of air, fuel, and oil. Some of the problems caused by these deposits include 

stalling, poor acceleration, increase in fuel consumption and production of exhaust 

pollutants[ 1.21. The deposits can also lead to the formation of hot spots causing 

uncontrolled surface ignitionl3l. These depositions are generally prevented by the 

addition of various additives in the fuel formulation. Thus, the development and 

understanding of the mechanism of interactions between the various additives form an 

integral part of passenger car motor oil development and in cutting the cost of 

formulation[4,51. In modem gasoline formulations, additives are added along with 

various other components like antiknocking agents (tetramethyl lead, ferrocene_ etc. ), 

octane improvers (ethyl tert-butyl ether), antioxidants (alkylated diphenyl amines), 

etcl6,71. The additives added generally consist of a functionalised PIB dispersant and 

alkoxylate surfactants, called "carrier fluids" in the additives industry. 

The aim of this study is to understand the mechanism of interactions between a 

polyisobutylene polymer and a range of surfactants added to gasoline fuel formulations 

in order to help keep the inlet valve surface clean during the process of combustion. 

The polymer is a terminally functionalised polyisobutylene (PIB) molecule and the 

surfactants are alcohol or alkylphenol alkoxylate molecules. An understanding of their 

interactions could help in finding and developing new methods of analysis by which 

the additives used can be screened and tested before being marketed to the consumers. 



1.2. Polyisobutylenes as stabilisers 

The use of functionalised PIB as dispersants is a much studied subject. These 

dispersants stabilize the particles, formed during combustion, by strongly adsorbing on 

these particles while remaining soluble in the continuous solvent phase and, thus, help 

in reducing deposit formation on the engines surfaces[8-11]. The polymers prevent the 

flocculation of particles by overcoming the attractive van der Waals force between the 

particles[ 12,131. Though the effect of charges present on the particles in the 

stabilisation of these systems in non-polar media remains a subject of investigation[ 14- 

16], it is generally considered that the polymer stabilises the particles by providing a 

steric barrier between them[ 10,17], as schematically represented in figure 1.1. 

Figure 1.1: Schematic representation of steric stabilisation of carbonaceous particles 

by PIB dispersants 

1.3. Polyisobutylene dispersant and carrier fluids 

The interaction of PIB dispersants with carbon surfaces and their role in the dispersion 

of carbonaceous particles in nonpolar media is relatively well understood, as compared 

to the interactions of these polymers with stainless steel surfaces. Even less understood 

is the reason why PIB dispersants function more efficiently in the presence of certain of 

the "carried fluids". For example, in the US, an alkyl butoxylate surfactant with a 

propylene amine headgroup (represented as S3 in chapter 2) can play the role of a 

dispersant and help in keeping the intake valve surface clean. The same surfactant does 
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not work efficiently in European car engines and needs the presence of a PIB 

dispersant. This has been attributed to the fact that cars travel faster and shorter 

distances in Europe than in the US putting a larger load on the smaller European car 

engines. 

The exact role played by the surfactants along with the PIB dispersant is not 

understood and this study is one of the first investigations carried out to gain an insight 

into the mechanism. A possible synergistic behaviour of the PIB dispersant and the 

surfactant molecules has been hypothesised. The PIB dispersant is expected to provide 

a steric barrier between the particles and the steel surface whilst the surfactant 

molecules are believed to play a major role in the removal of deposited or adsorbed 

particles from the steel surface. The "carrier fluid" molecules are also believed to 

solubilise deposits and ensure that the more viscous PIB dispersant is able to move off 

the engine surfaces so that the surfactant, dispersant and the deposits can all be swept 

into the combustion chamber leaving clean surfaces behindI6,7J. The presence of these 

additives also influences the structure and porosity of the deposits. Polybutene amines 

have been found to reduce the surface porosity and give a more compact deposit 

structure as compared to polyether amine surfactants. The surface pores in the deposits 

formed may also be able to absorb the PIB dispersant and surfactants which, during 

combustion, may themselves bum and bum off the deposits. Though the mechanism of 

deposit structure formation is not clear, it has been suggetsed that the structure has a 

definite role in the effectiveness of the additives in removing the deposits)31. 
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1.4. Objectives 

The primary objective of this work was to study the surface interactions of a 

functionalised PIB dispersant and a range of alkoxylate surfactants in a nonpolar 

medium, i. e. isooctane. The effect of these interactions on the deposition and removal 

of carbon particles from steel surfaces has also been studied. In chapter 2, the polymer 

and surfactants used have been described along with a schematic representation of their 

synthetic routes. The steel beads and carbon particles used have been characterised by 

the adsorption of nitrogen and statistically analysed by using the BET methodl 181. The 

adsorption isotherms of the polymer and surfactants have been carried out on the steel 

beads as well the carbon particles (chapter 3) in order to understand the surface affinity 

of the additives used. This also gives information on the build-up of the 

polymer/surfactant molecules at the solid/isooctane interface and the aggregation at the 

surface can be calculated by theoretically fitting the data. Adsorption experiments of 

the polymer plus a surfactant have also been carried out. 

The presence of a polar head group and a hydrocarbon tail give rise to the possibility of 

the polymer/surfactant forming reverse micellar aggregates in a nonpolar medium. This 

has been investigated using vapour pressure osmometry and a water soluble dye: the 

results are reported in chapter 4. 

The adsorption of polymer molecules at the solid/liquid interface and the thickness of 

the adsorbed polymer layer can also be studied by using an atomic force microscope. 

The experiments have been carried out by using a carbon coated glass bead as a probe 

and the results have been presented in chapter 5. Information on structural 

conformations as diagrammatically represented in figure 1.2 can be obtained from the 

force profile curves. 
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Isooctane 

Figure 1.2: Conceivable conformations of the PIB dispersant and the surfactant at the 

steel/isooctane interface 

In chapter 6, the growth and thicknesses of various polymer/surfactant layers at the 

steel/isooctane interface studied by ellipsometry have been reported. Ellipsometry 

experiments, carried out in-situ, helps in the understanding of the geometry of 

configuration of the different species at the interface as already represented in figure 

1.2. 

As part of this study, a flow cell was built to study the deposition of carbon particles on 

stainless steel plates. Removal experiments were also carried out using various 

combinations of the polymer and surfactant solutions. These experiments and image 

analyses of the digital pictures (of deposition and removal experiments) have been 

outlined in chapter 7. 

Chapter 8 gives the overall conclusions of this study by correlating the adsorption, 

atomic force microscopy, ellipsometry, flow cell and aggregation studies. A clearer 

understanding of the interactions between the PIB dispersant and the alkoxylate 

surfactants has now been achieved. Synergistic behaviour is observed not only during 

the deposition of particles, but also during the removal process. These developments 

should lead to the ability to screen and select a combination of a polymer and a 

surfactant for enhanced performance in gasoline engines. 
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CHAPTER 2: MATERIALS 

2.1. Introduction 

During the course of this investigation, experiments have been carried out involving 

various types of polymer and surfactants, steel beads, carbon particles and steel plates 

for flow cell studies. Isooctane was used as the solvent throughout the study unless 

mentioned otherwise. In this chapter a brief description of the materials used will be 

given. 

2.2. Polymer and surfactants 

2.2.1. Synthesis 

The polymer and surfactants used in this study have all been commercially synthesised 

at Lubrizol UK. The company manufactures and markets fuel additives. The polymer 

used was a terminally functionalised relatively low molar mass polyisobutylene (PIB) 

chain. PIB is a general purpose, hydrocarbon rubber produced in the molecular weight 

typically 500-3000 and is used in a range of applications such as automotive inner 

tubes, wire insulation, sealants and also, as in this study, as gasoline additivesI I. 21. 

PIB is widely used in the latter context because it is economical to manufacture and 

solubilises well in apolar solvents. The primary structure of these gasoline dispersants 

is as shown in figure 2.1 [31: 

Oleophile 
(oil-loving) Bridge Polar head 

Example: Succinic Polyallylene 
PolylsoButylene Acid Amine 

Figure 2.1: The primary structure ofa dispersant 
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The different structures and molecular weights of the polymer and surfactants used in 

this study are as shown in figure 2.2: 

Species Name Structure Mol. Wt. /(g mol") 

P1 

OH 

/ý/NHZ 1174 

PIB H 

S1 0H 1640 
C13H2ý CO 20 

S2 OH 
C H 24 

1592 
13 2 

S3 ýOý 
NH2 C13H27i° 1697 

S4 
112 H 

[oo 
II 958 

C12H25 

'oý 'o 24 
" 

S5 1654 

C, z"zsi 

Figure 2.2: Structures and molecular weights of the polymer and surfactants used 

The polymer used in this study, termed P1, was synthesised by first alkylating phenol 

using the Friedel Crafts reaction with vinylidene polyisobutvlene to give PIB phenol. 

This reaction uses BF3 as a catalyst and normally has around 97%, conversion. The PIB 
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phenol was then reacted with ethylene diamine (EDA) in the presence of formaldehyde 

to give the desired Mannich product as outlined in the mechanisms in figure 2.3[4]: 

F 
ýp + F-B aH 

\F 

, Complex lormotloa 
I 

10 
Potyb butykne 
(vin)Udene end peep) \X/ 

OH 

'ý4 

/ 
P'IB phenol 

IF3 

Figure 2.3: Alkylation of Phenol to obtain PIB phenol by Friedel Crafts reaction. The 

-OH group is strongly electron donating and ortho-para directing. 

The second reaction which was the conversion of the PIB phenol to the final product 

could occur via two mechanisms depending on whether EDA was added first or not. 

When formaldehyde was added before the EDA, a methylol intermediate could be 

formed which then reacted with EDA to give the final product. On the other hand, if 

EDA was added to the formaldehyde, the mechanism could be via the formation of the 

Mannich adduct which then reacted with PIB phenol to give the final product. These 

mechanisms are shown in figures 2.4 and 2.5[5]: 
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OH op, 

PIB 
PIB phenol HH 

Formaldehyde 

PIB" 
M eth ylol 
intermediate 

OH 

Ethylene Diamine 

PRODUCT 

Figure 2.4: Mannich reaction via the formation of methylol intermediate when 

formaldehyde is added first 

HýNý'N; NI-12 HH 

Ethylene Diamine Formaldehyde 

PRODUCT 

ý0+ NH2 

H EDA - formaldehyde 
Mannich adduct 

PIB 

PIB phenol 

NH2 

EDA - formaldehyde 
Mannich adduct 

Figure 2.5: Mannich reaction mechanism via the formation of Mannich adduct when 

ethylene diamine is added first to the formaldehyde 

The surfactants used in this study were also synthesised at Lubrizol UK. These were 

prepared by reacting the appropriate alcohol or alkyl phenol with alkoxylates catalysed 

by NaOH or KOH at about 120 °C and are summarised in figure 2.6: 
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R-OH (R-Ph-OH) + KOH Dehydrate R-O-K' (R-Ph-O-K' ) 

Polypropylene (gas) 

0 Or 
Butyleneoxide (low 
boiling liquid) 

Final product 

Figure 2.6: Preparation of the surfactants 

The synthesis of surfactant S3, which is similar to S1 except for the propylene amine 

headgroup, was synthesised from Si by the following reaction[ 61: 

ý0 NH 

S1 N 
H2/Pd 

H2/Pd 

S3 

Figure 2.7: Preparation of surfactant S3, from SI 

The polymer and surfactants, were used as received from Lubrizol UK without further 

treatment. 

The polymer P1 and the surfactants S4 and S5 have two UV absorbance peaks at 

around 220 nm and 280 nm. All the other surfactants, namely S1, S2 and S3. show an 

absorbance peak between 190 nm and 215 nm. 

Thermo gravimetric analyses of the polymer and surfactants were carried out in order 

to study their thermal stability. The plots obtained are shown in figure 2.8. 
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Figure 2.8: Thermo gravimetric profile of polymer and surfactants 

2.2.2. Molecular modelling 

In order to gain some insight into the molecular structures of the polymer and the 

different surfactants used in this study, some molecular modelling studies were carried 

out in vacuum. The software used was a CAChe (Computer Aided Chemistry) software 

obtained from Fujitsu. The various structures were obtained by performing an 

optimised geometry calculation corresponding to an energy minimum. Terms for the 

bond stretch, bond angle, dihedral angle, improper torsion, torsion stretch, bend bend. 

van der Waals. electrostatic and hydrogen bond interactions were included in the 

energy minimisation procedure except that van der Waals interactions between atoms 

separated by greater than 9.00 A were excluded. The optimisation was continued until 

the energy change was less than 0.0042 kJ mol"', or until the structure had been 

updated 300 times. The structures obtained after energy minimisation are as shown in 

figure 2.9. However, the structures may undergo changes when interacting with solvent 

molecules. 
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102.68. \ 

101.33. E 

S 'N 105.78A 
i 

42.14A 

Figure 2.9: Structures of the polymer and surfactants used. The numbers given are the 

lengths of the individual polymers. 

Interestingly, surfactants Sl and S3 also formed a globular structure on energy 

minimisation as shown in figure 2.10. 

Figure 2.10: The folded structure of S3 

2.3. Solvents 

The solvent used primarily in this study was isooctane, purchased from Rathburn, UK. 

Karl Fischer analysis of the solvent gave a water content of the stock material of 

around 43 ppm. Other solvents, namely hexadecane, o-xylene and toluene, which were 
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used in some of the experiments, were bought from Aldrich. The solvents were all used 

without further treatment. 

2.4. Steel beads and carbon particles 

The steel beads used in this study were purchased from Osprey Metal Ltd. (Powders 

group), UK. The beads were repeatedly washed with isooctane for 3 days and dried in 

an oven at 80 °C for 24 h before use. The Monarch 1000 carbon particles were obtained 

from Cabot Corporation and cleaned by soxhlet extraction over 72 h using isooctane as 

the solvent. The particles were then dried in an oven at 80 °C for 3 days and sieved 

through 250 µm and 75 µm sieves. For the flow cell studies, the carbon particles were 

washed repeatedly in isooctane for 3 days and then dried and sieved. 

2.4.1 Determination of the specific surface area of the beads and particles 

The BET method allows the measurement of the surface area and porosity of solid 

particles by the physical adsorption of gaseous species such as nitrogen 7 J. This 

method of analysing multilayer adsorption isotherms was first developed by Brunauer. 

Emmett and TellerI8] and is a generalisation of the Langmuir's treatmentl9l for 

adsorbed monolayers. 

The BET equation is given by eqn. 2.1. 

W((]',, /P)-I) Wm (' 
+ 

Wm(' J 
(Eqn. 2.1) 

where, 

W= weight of gas adsorbed 

W,,, = weight of adsorbate constituting a monolayer of adsorbed molecules 

P= pressure of gas 

PO = saturated vapour pressure 

C= BET constant which gives an indication of the magnitude of 

interactions between the adsorbate and the adsorbent and can be 
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expressed as the difference in adsorption energy in the first layer and 

subsequent layers[ 10,1 1 ]) 

The BET equation is normally linearised as a plot of 1/W((Po/P)-1) against P/Pn. If Nz 

is used as the adsorbate, P/Po is usually restricted in the range of 0.05 to 0.35112 1. The 

weight of the monolayer of adsorbate, Wm, can then be obtained from the slope, s. and 

intercept, i, of the BET plot as shown in equations 2.2 and 2.3: 

5=-I (Eqn. 2.2) 
WC m 

i-1 (Eqn. 2.3) 
Wc 

By combining equations 2.2 and 2.3 and eliminating C. W. can be calculated as sho\\n 

in equation 2.4 

Wm =I (Eqn. 2.4) 
.S+1 

The specific surface area. Sn i. is then expressed as: 

W NA 
.. , 'BET =m, (Eqn. 2.5) 

M 

where. 

N= Avogadro's number (6.023 x 1023 moF-') 

M= molecular weight of the adsorbate 

AS= molecular cross sectional area of the adsorbate molecules 

The cross sectional value for nitrogen, assuming a hexagonal close packed monolayer, 

at its boiling point (77K) is 16.2A21131. 

2.4.2. Porosity of solids obtained by gas adsorption 

Porosity is defined as the total volume of pores per unit mass of a substance. It may 

also be expressed as the percentage of the total volume of the substance. i. e. 

(VporesNs�hstance). 100 %J 14]. Different techniques such as mercury porosimetry, X-ray 
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diffraction and gas adsorption exist for determining porosity. The most common gas 

used for adsorption studies is nitrogen; the small size of the molecules enables small 

pores to be penetrated. 

Pores are classified into three main groups depending on their radius as followsi 15 I: 

a) Macropores - pores with radii greater than 50 nm 

b) Mesopores - pores with radii between 2 nm and 50 nm 

c) Micropores - pores with radii less than 2 nm 

Adsorption isotherms of nitrogen on the adsorbent are obtained by adsorbing known 

volumes of nitrogen at different equilibrium pressures)1 I J. Similarly, desorption 

isotherms can be obtained by monitoring the amount of gas removed on lowering the 

relative pressure. The adsorption isotherms thus obtained may be grouped into one of 

the five types. These different types are discussed in Chapter 3. Of the five types. type I 

is displayed by those with micropores such as activated carbons and molecular sieve 

zeolite. Type IV and V, on the other hand, are associated with adsorption by 

mesoporous surfaces. 

The adsorption isotherms of porous materials exhibit a hysteresis loop because the 

adsorption and desorption curves do not coincide. Though generally associated with 

mesoporous structures, where capillary condensation can occur. microporous structures 

have also been shown to exhibit hysteresis at the lower pressure regime. For 

microporous materials. the amount of gas adsorbed increases very little after the pores 

have been filled with increased pressure and a plateau is obtained (type I of the five 

types)[ 141. The various factors affecting adsorption hysteresis are not fully understood 

but the hysteresis shapes can be associated with various pore structures. Such 

connections were first exhibited by de Boer who identified five types of hysteresis 

loops as shown in figure 2.1 117,161: 
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Type AI 
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Type D 
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P'Pc 

Yr 

P'Po 
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L: J 
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Figure 2.11: de Boer's five types of hysteresis[7] 

Type A represents cylindrical pores open at both ends 

Type B is associated with slit-shaped pores 

Type C is related to tapered/wedged shaped pores with open ends 

Type D represents tapered/wedged pores with narrow necks at one or both ends 

Type E is attributed to bottleneck pores 

In general, for adsorption on porous materials, the hysteresis loops closes before 

reaching a relative pressure of -0.3. However, this is not the case with microporous 

substances where outgassing the adsorbent at higher temperatures may even be 

necessary to effect desorption[15]. 

2.4.3. t-Method of Micropore Volume and Surface Area Calculation 

The surface area obtained from the BET method includes the micropore surface area. 

However, the polymer and surfactants used in this study were too large to adsorb into 

these pores. Thus, the microporous area was subtracted to obtain the representative area 

for these molecules. The t-method of de Boer was used to calculate the micropore 

volume and surface area in the presence of mesopores. The procedure is similar to the 

BET surface area determination, but with the t-method the pressure range is extended 
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to higher values which permits the calculation of the matrix surface area. The matrix 

surface area is the non-microporous part for the material concerned1111. A t-plot 

(thickness-plot) is the plot of the volume of gas adsorbed versus t, the statistical 

thickness of an adsorbed film, in this case the N2 film assuming proper density at the 

concerned temperature and hexagonal close packing of the molecules. In this study the 

de Boer equation (eqn. 2.6)[17] was used to calculate t-values as a function of the 

relative pressure: 

2 

13.99 (Eqn. 2.6) 
log(Y / P) + 0.034 

where t is defined as the statistical depth that is proportional to the number of 

monolayers present in the film regardless of how the molecules may be stacked 171. 

In the absence of any micropores on the surface, the t-plot can be extrapolated to the 

origin since the slope represents the total surface area, S, of the mesopores and 

macroporesl 171 as shown in eqn 2.7: 

V d', '' (15.47) (Eqn. 2.7) 
t 

where. 

V's"' = The volume of gas adsorbed corrected to standard conditions of 

temperature and pressures 

15.47 =a constant representing the conversion of the gas volume to liquid 

Using the slope, s, obtained from the linear t-plot, Eqn. 2.7 can be reduced to Eqn. 2.8: 

S, =sx 15.47 (Eqn. 2.8) 

The presence of micropores gives rise to a positive intercept in the t-plot. This 

intercept, i, when converted to a liquid volume can be used to calculate the micropore 

volume, VMj'. 

V I, 11, =ix0.001547 (Eqn. 2.9) 
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The micropore surface area, Ste, can then be calculated (equation 2.10) by taking the 

difference between the BET surface area (S, 3EI) obtained and the surface area of all 

pores obtained from the t-plot (St)I Il]. 

S'n4Y = NBET - St (Eqn. 2.10) 
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2.4.4. Results 

The plots of nitrogen adsorption and desorption isotherms on the steel beads and 

carbon particles are as shown in figures 2.12 and 2.13, respectively: 

0.7 

0.6 { 

-0.5 

0.4 

03 Adsorption 

0.2 Desorption 

0.1 

0 

0 0.2 0.4 0.6 0.8 1 1.2 

P/Po 

Figure 2.12: The adsorption-desorption isotherm of nitrogen on stainless steel 316 L 
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Figure 2.13: The adsorption-desorption isotherm of nitrogen on carbon particles 

showing a hysteresis loop 

The isotherm for steel (fig. 2.12) does not show any hysteresis, indicating a non-porous 

surface for the steel beads. On the other hand, the plot for carbon (fig. 2.13) shows 

hysteresis, suggesting a porous surface. The hysteresis loops are of type A or C, 
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corresponding to cylindrical pores with open ends or tapered/wedge shaped pores with 

open ends, respectively 

The BET plots used to obtain the surface areas of the two sets of particles are as shown 

in figures 2.14 and 2.15. 
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Figure 2.1-1: The BET plot for 316 L stainless steel heads 
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Figure 2.15: The BET plot for carbon particles 

The BET plots gave surface areas of 0.34 m2 g"' and 250.95 m2 g' for the steel beads 

and carbon particles, respectively. These surface areas include the surface areas of all 

the pores of the particles. As mentioned earlier, the polymers and surfactants used were 
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too big to adsorb in the microporous region and thus, the effective area for adsorption 

is the total specific surface area minus that for micropores. The micropore areas have 

been obtained from the t-plots as shown in figures 2.16 and 2.17. 
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Figure 2.16: The V -t plot for 316 L stainless steel beads 
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Figure 2.17: The V-t plot for carbon particles 

The micropore volume and surface area determined from the V-t plot are 2.740 x 10-6 

cc g' and 0 
.0 

154 m2 g', respectively for the steel beads, and 2.057 x 10-2 cc g-' and 

42.04 m2 g"1, respectively for the carbon particles. 
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Subtracting the micropore areas from the respective total surfaces areas gave a surface 

area of 0.3217 m2 g-1 and 208.9 m2 g-1 for the steel beads and the carbon particles 

respectively. 

2.5. SEM study of stainless steel beads and carbon particles 

The steel beads were studied using a JEOL 5600 scanning electron microscope to 

investigate the sizes and the nature of the surfaces. The particles were all spherical in 

shape and were mostly in the range of 2 -5 µm as shown in figure 2.18. Energy 

dispersive X-ray analysis (EDXA) were also carried out to analyse the surface 

composition of the beads and it showed the presence of chromium, as expected for 

stainless steel as shown in figure 2.19. 

Figure 2.18: A scanning electron micrograph of the 316 L stainless steel beads 

Full scale = 47 cps Cursor: 20.0475 keV 

KCV 

Figure 2.19: EDXA analysis of the 316 L stainless steel beads surface 
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The carbon particles were also studied using the JEOL 5600 scanning electron 

microscope to investigate the sizes and the nature of the surfaces. The particles 

agglomerated on drying and individual particles could not be seen by the SEM. The 

EDXA graph of the carbon particles can be seen in figure 2.20. In the figure, the 

aluminium (Al) peak seen is from the SEM stub. 

Full scale - 128 cps Cwsor_ 20.0875 keV 

Figure 2.20: EDXA analysis of the carbon particle surface 

2.6. Steel beads and carbon particles sizes 

The average distribution of steel bead sizes were studied using a Malvern Mastersizer 

which showed a size distribution centred around 7 µm as may be seen in figure 2.21. 

00 

Figure 2.21: Size distribution of steel beads obtained using a Malvern Mastersizer 
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The average distribution of carbon particle sizes were studied using a Brookhaven 1'( S 

which showed a size distribution with a modal value of 214 nm as shown in figure 

2.22. 
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Figure 2.22: Size distribution of carbon particles obtained using a Brookhaven P('S 

2.7. Stainless steel plates 

Stainless steel plates, of area 1 cm2, were used for studying the deposition properties of 

carbon particles on steel using a 'home-made' flow cell. The stainless steel plates were 

cut from metals obtained from Taybroh Metals, UK. They were initially polished using 

600 and 1000 grid sandpapers, and then fine-polished, first using a6 µm diamond 

spray on a PSU-M silk cloth and then using aI µm diamond spray on an ASFL-AW 

smooth synthetic cloth. They were then rinsed with acetone and isooctane and dried 

before use. The diamond sprays and polishing clothes were purchased from Kemet 

International Ltd.. UK. An SEM micrograph of a steel plate may be seen in figure 2.23. 

The image was obtained using a JEOL 5600 scanning electron microscope. EDXA 

profile of the steel plate is shown in figure 2.24. An AFM picture of the finely polished 

stainless steel plate may be seen in figure 2.25. The image was obtained using a 

Burliegh atomic force microscope. 
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Figure 2.23: SEM picture of the surface of a stainless steel plate 

Figure 2.24: EDXA analysis of the steel plate surface 
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Figure 2.25: AFMpicture of the surface of the polished stainless steel plates 
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CHAPTER 3: ADSORPTION STUDIES 

3.1. Introduction 

Adsorption is the process by which molecules are attracted to an interface) 1I and the 

corresponding build-up of this concentration at that interfacel2l. Their presence at the 

interface renders the physical properties of the molecules different from those in the 

bulk, and this has been of great interest for fundamental and applied research. 

Adsorption has been applied for various diverse purposes such as the protective coating 

of Teflon on metals plates, the adsorption of colour pigments on fabrics, and the 

selective separation of components from a mixture. Adsorption also plays a significant 

role in the pharmaceutical and biotechnology industriesl3,41. The adsorption of 

nitrogen gas onto solids is a fundamental and widely used method for the determination 

of surface areas and porosity. 

3.2. Adsorption at a Solid/Gas Interface 

Adsorption at a solid/gas interface occurs when a gas or a vapour is brought into 

contact with a clean solid surface. Some of the molecules in the gas/vapour phase (thc 

adsorptive) become attached to the solid surface (the adsorbent). This overall process 

is termed adsorption; the molecules that leave the adsorptive and becomes attached to 

the adsorbent are the adsorbate. The reverse of the adsorption process is desorption. 

Most solids, especially highly porous adsorbents with large internal surface areas, such 

as carbon, silica and finely-divided powders, are capable of adsorbing high amounts of 

gas-phase molecules. The amount of gas adsorbed, per gram of solid, at equilibrium. 

I'cq,, depends on the temperature, T, the equilibrium pressure of the gas, P, and the 

effective surface area of the solid[5]. It also depends on the nature of the gasl6j. 

In general, the free energy, entropy and enthalpy of adsorption are all negative. The 

Gibbs free energy of adsorption is given by eqn 3.1: 
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OGýd.,. = 4Hýd,. -TAS_,, Eqn. 3.1 

where, 

AGads = change in Gibbs free energy 

AHads = change in enthalpy of adsorption 

ASads = change in entropy 

T= temperature 

The enthalpy of adsorption can be measured by direct calorimetric methods. 

Alternatively, in many cases, the isosteric (constant adsorption) enthalpy of adsorption, 

can be derived from adsorption isotherms, using the Clausius-Clapeyron (eqn. 3.5), 

e. g., for a Langmuir isotherm, 

B 

1-0 = KP Eqn. 3.2 

where. 

rr 
Eqn. 3.3 

max 

r and I'max are the equilibrium adsorbed amount and the maximum adsorbed 

amount respectively 

K= constant of adsorption 

P= pressure 

Inversing eqn. 3.2 and substituting for 0 gives 

I=r, 
+r Eqn. 3.4 

KY mnK max 

The value of K can be obtained by plotting 
I 

against 
1. The enthalpy of adsorption 

r 
can be obtained if the experiment is carried out at different temperatures as shown in 

eqn. 3.5. 
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C( 
lnKý 

_ 
-4Rad.,. Eqn. 3.5 

07, ,. RT2 

where, 

T= temperature 

R= gas constant 

3.2.1. Chemical adsorption and physical adsorption 

Two different types of adsorption processes can occur, depending on the strength of the 

bonds involved. Chemical adsorption or chemisorption involves chemical interactions 

between the adsorbate and adsorbent, and the enthalpy of adsorption is greater than 100 

kJ mol-1. Spectroscopic analysis can be used to confirm change in chemical bonding of 

the gas/vapour molecules after reacting with the surface. High activation energies are 

involved in chemisorption, making the overall process slow and not readily reversible. 

The formation of chemical bonds in the adsorbed layer, leads to a localisation of the 

adsorbate molecules and is therefore limited to monolayer coverage. The extent of 

chemisorption may be used to determine the number of active sites on a solidl5,7,8 1. 

Physical adsorption or physisorption, occurs when, associative intermolecular forces 

are involved rather than chemical bonds between the adsorbate and the adsorbent. 

Lower heats of adsorption (- 10 kJ mol"') and low activation energies are characteristic 

of this type of adsorption. The process is readily reversible and equilibrium is in 

general achieved rapidly, except in porous materials. Multilayers are possible, as the 

adsorbate molecules are not restrained to specific sites and are free to translate on the 

surface. This means that physisorbed gases are useful for the determination of surface 

area of a solid(5,8,91. 

There are many forces which may be involved in the physisorption of gas molecules 

onto solids, of which the most prominent are dispersion 
. 
forces. Dispersion forces, 
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which arise from fluctuations in the electron density cloud, occur when the associated 

rapid oscillating dipoles of neighbouring molecules couple creating a net attracting 

potential. In the gas of molecules interactions with a solid, the first adsorbed laver of 

molecules will be strongly held whilst, above it other, subsequent layers are held with 

energies comparable to the latent enthalpy of sublimation or of vaporisation of the 

corresponding solid or liquid phase of those adsorbing molecules. Other forces 

involved in adsorbate-adsorbent interactions include ion-dipole, ion-induced dipole, 

dipole-dipole and quadrapole interactions[ 1,7,8 J. 

To summarise these two adsorption mechanisms better, the schematic potential energy 

interaction curves for the adsorption of a diatomic gas X2 on a metal M is shown in fig. 

3.1151: 

X+X 

+ Dissociation 
energy of X2 

Activation energy 

PE 
of chemisorption X 

0 
Distance 

I Ieat of physical 
adsorption 

}deal 
MX adsorpti 

X 

M X 

Boundary of physical adsorption 

Figure 3.1: Potential energy curves for physical adsorption and chemical adsorption 

In figue 3.1. curve P profiles the physical interaction energy between the metal and the 

gas molecule, associated, for example, with London-van der Waals dispersion forces. 

At short distances, electron cloud overlap gives rise to Born repulsion. Curve C, on the 
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other hand, represents chemisorption, where the gas molecule first dissociates to 2X. 

which is represented by a positive interaction energy at a large separation. The curve 

also has a relatively deep minimum at a distance much closer to the metal surface as 

compared to that of physisorption. This corresponds to the enthalpy of chemisorption. 

The point at which the physisorption curve and the chemisorption curve intersects 

represents the effective activation energy required for transition from physical 

adsorption to chemical adsorption of species X molecules. 

3.2.2. Types of adsorption isotherms 

Brunauer, Deming, Deming and Tellerl7,10,111 classified adsorption isotherms for 

the physisorption of gases into five classes, as illustrated in figure 3.2. In the figure, the 

amount of gas adsorbed is plotted against the equilibrium relative pressure (P/Po) where 

P and Po are the equilibrium pressure and the saturated vapour pressure, respectively. 

The Type I isotherm, sometimes known as the Langmuir isotherm, is concave to the 

P/Po, axis, with a rapid rise initially in the adsorbed amount with increasing relative 

pressure, but reaching a limiting value as P/Po -* 1, thus indicating monolauer 

coverage[7I. Adsorption isotherms involving chemisorption exhibit this type of curve 

when all surface sites are occupied. Type I isotherms have also been adapted for the 

physical adsorption of gases on solids with a micropore structure, and a relatively small 

external surface. The rapid increase in the adsorbed amount at low pressure is 

associated with the filling of pores of small dimensions. When all micropores become 

filled, little or no further adsorption occurs, leading to the observed plateaul9,121. 

Type H. S-shaped, sigmoid or BE7' adsorption isotherms involve adsorption on non- 

porous or macroporous surfaces. Type 11 isotherms account for the formation of 

multilayers where the knee or inflection point signals the completion of the first 

adsorbed layer and the beginning of multilayer adsorptionl71. 
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Figure 3.2: The five isotherm classifications according to Brunauer, Deming, Deming 

and Teller[8] 

Type III isotherms are convex to the P/Po axis over their entire range and do not show 

any inflection point. They are characterised by enthalpy of adsorption, which are less 

than the adsorbate enthalpy of liquification. The weak adsorbent-adsorbate interactions 

indicate that strong lateral interactions between the adsorbed molecules are occurring, 

which can lead to the formation of aggregates on the surface[5,7]. 

Type IV isotherms occur when adsorption proceeds on macroporous and mesoporous 

adsorbents with pores in the radius range of 15-1000A. The slope of the isotherm 

increases at higher pressures indicating an increased uptake of the adsorbate as the 

pores are being filled. Like type II isotherms, type IV isotherms also exhibit an 
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inflection point indicating the completion of the first monolayer and the formation of 

multilaversi 1. 

type V isotherms are uncommon and are related to type III isotherms. Like type III 

isotherms, the adsorbent-adsorbate interactions are weak, but type V isotherms involve 

adsorption on porous surfaces, as with Type IV isothermsl7l. 

3.3. Adsorption at a Solid/Liquid Interface 

Many of the theories discussed in the previous section can be applied to the adsorption 

at a solid/liquid interface, as long as the adsorbate molecules, in the present case the 

oligomer and surfactants, are deemed to be inflexible. For oligomers, their low 

molecular weights puts them in this category[ 131. 

Various techniques exist for measuring the total adsorbed amount of species from 

solution, such as ellipsometry and optical reflectometry (for that surface) or 

spectroscopic techniques which allow the measurement of the surface excess such as 

UV/Visible, FTIR and NMR (for particles). A measurement of the change in 

equilibrium bulk concentration, Ac, strictly leads to the "surface excess" but for dilute 

solutions this may be equated to the adsorbed amount. 

The adsorbed amount, F. is related to Ac, in mg g' for this study, through eqn 3.6: 

AcM 
r= Eqn. 3.6 

ma 

where M is the mass of the liquid phase, m is the mass of the adsorbent and a is the 

specific surface area of the adsorbent. 

Major problems associated with the solute depletion method are low accuracy at high 

solute concentrations, and the formation of particle aggregates, where there is no 

effective particle stabilisation mechanism. These problems may be resolved, to some 

extent. by scaling up the ratio of surface area to the volume of solution and by agitating 
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the sample, for example, using an ultrasonic bath, to disperse the particles in the latter 

casel21. 

Spectroscopic methods are chemically specific and can distinguish different 

components in a complex system. Errors occurring in spectroscopic methods, 

especially UVNisible spectroscopy, include non-linear extinction coefficients but can 

be observed from calibration plots. These allow the determination of the extinction 

coefficient, by plotting absorbance against concentration, in the low concentration 

regime, where the (linear) Beer-Lambert law (eqn. 3.7) is followed[ 141: 

A= log( 
I 

10 )= CC/ Eqn. 3.7 

where, 

1� = intensity of incident beam 

1= intensity of transmitted beam 

c= absorption coefficient or molar extinction coefficient 
C= concentration 
I= path length 

3.4. Factors affecting Polymer and Surfactant Adsorption 

There are several factors that could affect the extent of polymer and surfactant 

adsorption onto an adsorbent. These include, the interaction of the polymer or 

surfactant with the substrate/adsorbent (the extent of adsorption increases with 

increasing affinity for the adsorbate with the surface) and the solvation of the 

polymer/surfactant in the solvent (the adsorption of the adsorbate increases with 

decreasing solubility)) 131. Variations in temperature and molecular weight can also 

affect the extent of adsorption. Lower molecular weight polymers in general show 

faster kinetics of adsorption, because of their ability to diffuse more rapidly through the 

medium) 15,161. 

Previous work carried out on the adsorption of polyisobutylenes, with different 

functionalities, on carbon particles have shown that the strength of the attachment of a 
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molecule to an interface increases with the extent of the funtionalities(17 (: this 

provides a stronger affinity for the surface. In particular, studies have indicated that the 

amine head groups in polymer dispersants ensure strong adsorption on an adsorbent 

181. 

3.5. The x and x, parameters 

When a flexible high molecular weight polymer chain adsorbs, there is a decrease in 

the conformational entropy, AS, of the chain segments in the interfacial region. 

However, the enthalpy of adsorption, AH, is normally sufficiently negative, that AG, 

the free energy of adsorption, is negative. The interactions between the 

polymer/surfactant segment and the solvent can be interpreted in terms of the Flory- 

Huggins parameter (or chi parameter) X. which was originally defined as the energy 

change associated with the transfer of a segment from pure polymer to pure solvent. 

When x, =0 (the athermal case), the solvent is termed as "good" meaning that there is a 

strong chain expansion as the polymer chain walks through space avoiding itselfl2l. 

The radius of gyration, Rg, for a self-avoiding walk (SAW) is proportional to N", where 

v=0.59 (a universal exponent) in the limit of large N where N is the number of steps. 

When 
, 
>O, resulting from a net segment- segment interaction, the excluded volume is 

smaller than the real volume, 1', (where I corresponds to the bond length) of a polymer 

or surfactant segment. The excluded volume can be expressed as vl', where v is the 

dimensionless excluded volume parameter and is related to x through eqn. 3.8: 

v=I-2x Egn. 3.8 

Therefore. when x is 1/2, the net excluded volume is 0 and the chains behave ideally. 

This is known as the O point. x is also dependant on temperature, the temperature 

corresponding to aO point is known as the O temperaturel2l. For cases when x, <0, the 

segments would be highly solvated and will have a low affinity for the surface. 
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The adsorption of a polymer onto a surface also depends on the interaction between the 

surface and the solvent or polymer. Such an interaction has been described by 

introducing a dimensionless adsorption energy parameter Xs, which can be defined as 

the difference in the adsorption energies, in units of kT, of a solvent molecule and a 

polymer segment[2]. If a polymer adsorbs from the solvent, Xs is positive and no 

adsorption occurs when xs is negative. If Xs is zero or slightly positive, the lower 

conformational entropy of the polymer in the surface region hinders adsorption. 

3.6. Experimental 

3.6.1. Adsorption on stainless steel beads 

The adsorption of the polymer/surfactants on stainless steel beads was carried out by 

tumbling a suspension of the beads in a solution of the polymer/surfactant in isooctane. 

for about 20 h. and then analysing the supernatant after the beads had settled. The 

UV/Visible absorbances of the polymer/surfactants were first calibrated by preparing a 

range of dilute solutions. A certain amount of the stock concentrated solution of a 

polymer/surfactant was added to 3g of stainless steel, weighed into a sample vial. This 

was then diluted to 1.5 g with isooctane, giving a total mass of 4.5 g. This procedure 

was repeated to give various polymer/surfactant concentrations in the range 0.1 to 4 wt. 

%. The vials were sealed with Teflon tape and the samples were shaken vigorously for 

5 min and then tumbled for 20 h. After 20 h, the samples were left standing for I0 min 

and then centrifuged at 5000 r. p. m. for 30 min. The supernatant was then diluted, as 

necessary, and analysed using a HP8453 Diode Array UV/Visible Spectrophotometer 

to obtain the polymer/surfactant concentration. The reference cell used contained 

isooctane which had been tumbled for 20 h with the steel and centrifuged. The 

objective here was to reduce any response which may come from UVNisible-active 

species, which may have leached out from the steel. present in the adsorption 
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experiment samples. For adsorption of mixtures of polymer and surfactants, a second 

stock solution, that of the second species, was added before dilution with isooctane. 

3.6.2. Adsorption on carbon particles 

For these experiments, 0.2 g of the carbon particles was weighed into a sample vial, 

followed by the addition of a certain amount of the stock polymer/surfactant solution. 

The total mass was then made up to 7g by the addition of isooctane. The amount of the 

stock solution added was varied to give polymer concentrations in the range 0.05 wt. `%, 

to 4 w-t. %. The vials were sealed and the samples were sonicated for 2 min, with 

occasional agitation to break up any weakly flocculated aggregates. The vials were 

tumbled for about 24 h, and the carbon particles allowed to settle for 30 min, before 

centrifuging at 15,000 r. p. m. for 120 min, or until a clear supernatant was obtained. 

The supernatant was then analysed for polymer/surfactant concentration. 
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3.7. Results 

3.7.1. Adsorption on stainless steel beads 

3.7.1.1. Calibration of the polymer and surfactant absorbances in isooctane 

Various dilute solutions of the polymer and surfactants were prepared and their 

absorbances were measured at 25 °C to obtain the calibration plots as shown in figure 

3.3. These calibrations were used for calculating the amount of polymer/surfactant 

adsorbed on steel. 
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Figure 3.3: Calibration plots of P1, Si, S2, S3, S4 and S5 

3.7.1.2. Adsorption kinetics of surfactant S3 

The adsorbed amount of S3 on stainless steel was determined, at different times, for up 

to 8 hours. The results are shown in figure 3.4. 

Figure 3.4: Adsorption kinetics of S3 up to 8h 
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3.7.1.3. Adsorption isotherms of the polymer and surfactants on steel 

The adsorption isotherms for the polymer and the various surfactants on stainless steel 

beads at 25 °C are shown in figure 3.5. The error involved is about 10%. 

16 

14 0 
12 

10- 
10 0 
18A0 

x 
6 

4+++ SIC °° 

Qo00 0 

_2 
5 10 15 20 25* ý0 " 35 40 45 

-4 
[Species]�/ (mg g'') 

Figure 3.5: Adsorption isotherms of PI (0), Si (A), S2 (0), S3 (*), S4(+) and S5(-) 

The initial parts of the adsorption isotherms are shown in figure 3.6. 

Figure 3.6: Initial region of the adsorption isotherms of P1 (0), S1 (d), S2 (0), S3 (*), 

S4(+) and S5(-). The lines have been added for visual guidance. 
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3.7.1.4. Adsorption of polymer and surfactant mixtures 

Adsorption isotherms of the polymer were also determined in the presence of 

surfactants S1, and S3 at 25 T. The results are shown in figure 3.7. 
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Figure 3.7: Adsorption isotherms of Pl (A), P1 and 0.3 wt. % Sl (0), and P1 and 0.3 

wt. % S3 (0) 

3.7.1.5. Adsorption of surfactants Sl and S3 mixtures 

Adsorption isotherms were also obtained for mixtures of S3 and Si at 25 °C as shown 

in figure 3.8. The absorbance of 0.5 wt. % Si at 212 nm was subtracted from the total 

absorbance before calculating the equilibrium concentration of S3. 
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Figure 3.8: Adsorption isotherms of S3 (o) and S3 and 0.5 wt. % Sl (0) 

3.7.1.6. Adsorption of S3 on steel at 40 °C 

Adsorption experiments of surfactant S3 (with the amine head group) were also carried 

out at 40 T. However, it was found that isooctane (b. pt. 98.5 °C) evaporated very 

quickly. Hence, experiments were carried out at 25 °C and 40 °C in hexadecane, which 

has a much higher boiling point of 287 T. The slope of the calibration plot of S3 in 

hexadecane at 25 °C was found to be 0.2472 and this value was used to calculate the 

surfactant concentrations. The adsorption isotherms so obtained are shown in figure 

3.9. 
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Figure 3.9: Adsorption isotherms of S3 at 25 °C (0) in isooctane and at 25 °C (A) and 

40 °C (0) in hexadecane 

3.7.1.7. Adsorption isotherm of a polymer-iron complex 

As may be seen in figure 3.7, the adsorption isotherm of PI shows an unexpected 

decrease at around 10 mg g'. It was believed that this was due to the "leaching" effect 

of the polymer on steel. In order to investigate this, an already-complexed polymer was 

used to carry out the adsorption experiments, with the expectation that more of the P1- 

Fe complex would be required to leach the steel surface. The UV absorbance of P1-Fe 

at 274 nm was calibrated before carrying out the adsorption experiments. The slope of 

the plot and the regression value were found to be 1.4786 and 0.9996, respectively. 

The adsorption isotherm of P 1-Fe is shown in figure 3.10. 
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Figure 3.10: Adsorption isotherm of P1-Fe complex at 25 °C in isooctane 

3.7.2. Adsorption on carbon particles 

3.7.2.1. Calibration of the polymer and surfactant absorbances in isooctane 

For the adsorption on carbon experiments, new calibration plots were established; the 

values of the slopes obtained are as given in table 3.1. 

Species Wavelength Slope of the calibration plot Regression 

PI 280 1.1795 0.9987 

S1 196 0.3602 0.9950 

S2 205 0.1239 0.9995 

S3 212 0.3033 0.9994 

S4 277 1.0284 0.9992 

S5 277 0.5962 0.9990 

Table 3.1: Calibration slopes of P1, Si, S2, S3, S4 and S5 
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3.7.2.2. Adsorption isotherms of the polymer and surfactants on carbon 

The adsorption isotherms of the polymer and the various surfactants on carbon particles 

are shown in figure 3.11 to 3.13. 

Figure 3.11: Adsorption isotherms of P1 (4) and S3 (0) on carbon at 25 °C 

Figure 3.12: Adsorption isotherm of S2 (0) on carbon at 25 °C 
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Figure 3.13: Adsorption isotherms of S4 (A) and S5 (0) on carbon at 25 °C 
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3.8. Analysis and Discussion 

The calibration experiments (figure 3.3 and table 3.1) gave good linear fits, validating 

the use of UVNis spectroscopy as a technique for measuring the adsorbed amount. 

Attempts were also made to use IR spectroscopy to determine polymer concentration 

but this method was found to be much less precise. The kinetics experiment carried out 

with surfactant S3 (figure 3.4) showed that the adsorption process is relatively fast, 

with the equilibrium state reached within 30 min. However, in fact, all the samples 

were tumbled for 20 h The adsorption isotherms (figures 3.5,3.6,3.11,3.12 and 3.13) 

clearly show that the presence of an amine unit in the head group increases the 

adsorbed amount, as can be seen by comparing the isotherms for P1 and S3 with those 

of the other surfactants. Similar behaviour has already been reported[17,18]. The 

isotherms are mostly of type II and type III[8] indicating multilayer or aggregate 

formation at the interface. Moreover, the sharp rises in some of the adsorption 

isotherms at low concentrations may be indicative of an incipient phase transition at the 

interfacial region[ 19]. Surprisingly, P1 adsorption seems to decrease around 1 wt. %. 

By way of explanation, it is thought that the polymer causes "leaching" of metal ions 

from the steel surface, with the formation of metal complexes in solution. This would 

lead to an increase in the total light absorbance of the supernatant solution, and hence 

the decrease in adsorption an artefact. Indeed, atomic absorption spectroscopy studies 

showed the presence of various metal ions in the supernatant solution and, a visible 

change in the colour of the supernatant at 1 wt. %P1 and above was also observed. To 

further test the complexation hypothesis, adsorption studies were carried out using an 

iron-complex form of P 1, termed Fe-P I. The adsorption isotherm so obtained may be 

seen in figure 3.10. The apparent decrease in the adsorbed amount is now extended to 

around 3 wt. %. This implies that a higher concentration of the complexed polymer 

molecules is required before they start leaching the surface effectively. 
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The adsorption isotherm of S5 rises rapidly and much earlier than for S4 which has the 

same type of polymer backbone, but a lower molecular weight. Similar molecular 

weight dependence of adsorbed amount, albeit for much higher molecular weight 

ranges, has been reported in other adsorption studies[20]. However, it is not clear as to 

why the adsorption isotherm rises much faster for S1 than S2 even though they have 

similar molecular weights. The explanation might lie in the different structures of the 

backbone chains namely, the propoxylate and the butoxylate units on S2 and Si, 

respectively. Also, the solvency of the non-polar solvent on the polar propoxylate units 

in S3 would be poor in comparison to the solvation of the PIB chain of the polymer. 

This would lead to an increased adsorption of S3 as compared to P1, as can be seen in 

figure 3.11. A similar explanation could also be given for the increased adsorbed 

amount of S5, as compared to S4 which has only half the number of propoxylate units 

as S5. Similar reasoning can also be used to explain the difference in the adsorbed 

amounts of S4 and S5 on stainless steel (figure 3.5). This effect of the `selective' nature 

of the solvent has also already been reported[20]. 

The adsorption isotherms for P1 in the presence of Si or S3 show a decrease in the 

adsorbed amount of P1, as compared to P1 alone (figure 3.7). This would imply that 

the surfactant molecules are replacing some of the polymer molecules at the interface. 

However, the presence of the amine group on surfactant S3 does not seem to 

differentiate it from SI in its ability to displace the polymer molecules. Thus, the 

butoxylate units seem to be the deciding factor in this process. This hypothesis is also 

further supported by the fact that the presence of surfactant Si does not seem to affect 

the adsorbed amount of S3 (figure 3.8). However, it is unlikely for the strongly 

adsorbing polymer to be completely displaced by the surfactant. Thus, the surfactant 

molecules may be interacting with the loosely bound polymer molecules at the 

steel/isooctane interface to form aggregates which are then solubilised in the solvent. 
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This might also be an effect of the solvent/surfactant interactions, where the polar 

butoxylate units are less soluble in the non-polar solvent, i. e. isooctane. Thus, the 

competitive adsorption[21] taking place in the mixed system could be driven by the 

different solvent/surfactant (x) and surfactant/surface (y) interactions. Though there is 

a slight difference in the molecular weights of the polymer (1174 g mol') and Si (1640 

g mol-') and S3 (1697 g mol"1), it is unlikely that such small differences could lead to 

large differences in the adsorbed amount, as reported in some cases[15,16]. More 

importantly, the polymer and surfactants do not have the same backbone chemistry. 

Figure 3.9 shows the adsorption isotherms of S3 at 25 °C and 40 °C carried out in 

hexadecane, which has a much higher boiling point than isooctane and thus, a lower 

vapour pressure. However, there seemed to be no significant differences in the amount 

of surfactant adsorbed on steel at these two temperatures. 

As already mentioned, the adsorption isotherms are mostly type II and III which 

suggest aggregation or multilayer formation at the interface. Similar observations have 

been made for the adsorption of polystyrene-hydrogenated polyisoprene AB-type 

diblock copolymers at the cyclohexane/carbon black interface[20]. There are various 

models available which can be used to analyse these type of adsorption isotherms. In 

this study, a model developed by Zhu and Gu[22] has been used to fit the data, and 

hence obtain the aggregation numbers at the interface. This model considers that 

adsorption takes place in two distinct steps; the first step involves the adsorption of the 

molecules on the surface and the second one involves interactions between adsorbed 

molecules. The general form of isotherm is given in eqn. 3.9: 

r 
K, C(n +K2C"-' 

)l 

Eqn. 3.9 
r�. i+K, c i+K2C n -I 

where, 

F= amount of surfactant adsorbed 

53 



F. = limiting adsorption at high concentrations 

C= concentration of surfactant 

Kl and K2 = equilibrium constants 

n= aggregation number 

One such model fit is shown in figure 3.14. For this fit, the values of equilibrium 

constants Kl and K2 are 3.53 x 103 and 9.43 x 1010, respectively. The aggregation 

number, n, is equal to 6.22. 

The values obtained for the aggregation numbers of the different surfactants at the 

interface are given in table 3.2. The table shows that the aggregation numbers are in the 

range 2 to 6 for most systems. A good fit could not be obtained for the polymer 

adsorption on steel and Si adsorption on carbon using the Zhu-Gu model due to a lack 

of sufficient data points. 

The value of f. used in each model fit was that of the adsorbed amount at the highest 

equilibrium concentration for each adsorption isotherm. It is likely that the fits and the 

aggregation numbers obtained will change with different values of ['GO. 
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Figure 3.14: Theoretical Zhu-Gu model fit to the adsorption isotherm of S3 on 

stainless steel surface 

Species Name Calculated Aggregation Number 

Adsorption on steel Adsorption on carbon 
PI Not enough data points 2 
S1 6 Not enough data points 
S2 6 4 
S3 6 1 
S4 2 2 
S5 3-4 3 

Table 3.2: Aggregation numbers of the various species adsorbed on stainless steel 

beads and carbon particles 

It is clear from the type of the adsorption isotherms and the aggregation numbers 

obtained that the polymer and the surfactants are aggregating at the steel/isooctane and 

carbon/isooctane interfaces. These aggregates could well be in equilibrium with similar 

55 



aggregates in solution, and this possibility will be discussed in chapter 4. From the 

model fit studies carried out, the equilibrium constant for the first and second steps, 

corresponding to the polymer/surfactant and substrate interaction and the hydrophobic 

tail interactions, respectively, were obtained. These values were then used to calculate 

the free energy, AGI, of adsorption and the free energy, AG2, of aggregation using the 

following equation[23]: 

OG; =-RTInK; Eqn. 3.10 

where, 

AG = Gibbs' free energy 

R= gas constant 

T= temperature 

K; = equilibrium constant for adsorption (i = 1) or aggregation (i = 2) 

The values obtained are as tabulated in table 3.3: 

Adsorption on Stainless Steel sorption on Carbon 
Species K1 Kz OGt/ W OGz/ W K, K2 AGI/ U \G2/ U 

mol" mol"' mol ' mol'' 
P1 Not enough data points 2.52 x 232.48 -25.11 -13.50 

104 
S1 27.42 2.50 x -8.23 -70.73 Not enough data points 

loI2 
S2 8.61 1.55 x -5.33 -63.84 970.93 8.20 x -17.04 -39.44 

loll 106 S3 3.53 x 9.43 x -20.24 -62.61 975.21 0 -17.05 
103 1010 

S4 330.61 5.40 x -14.37 -9.88 4.84 x 1.36 x -26.73 -17.88 
1001 104 103 

S5 6.83 x 2.48 x -21.87 -36.48 1.70 x 1.57 x -258.03 -23.94 
103 106 1045 104 

Table 3.3: Free energies of the adsorption and interfacial aggregation processes of the 

different species on stainless steel beads and carbon particles. *= S5 adsorption on 

carbon is a very steep slope for the first step which the model has taken to be almost 

normal to the x axis. 
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The values for OGl were generally greater for species containing a functional amine 

group. The presence of a benzene ring also enhanced the first step of the process 

leading to greater values of the free energies within the concentration regime studied. 
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CHAPTER 4: AGGREGATION STUDIES 

4.1. Introduction 

In chapter 3, it was shown that the polymer and the surfactants associate at the interface 

of steel and isooctane to form aggregates with up to 6 molecules per aggregate. It was 

also mentioned that the polymer/surfactant most likely formed aggregates in solution 

too. This chapter will describe the investigations carried out to study the association of 

the polymer/surfactant molecules in isooctane. As the polymer and surfactant 

molecules have both hydrophilic and hydrophobic segments, and the solvent used is 

non-polar, i. e. isooctane, they are expected to form aggregates where the hydrophilic 

segments will form the core surrounded by the hydrophobic segments, similar to 

reverse micelles. The formation of micellar aggregates by polyisobutylene-polystyrene- 

polyisobutylene (PIB-PS-PIB) triblock copolymer in hexane has previously been 

studied[ 1 ]. It was shown that PIB chains extended into hexane while the PS units 

formed the core. Other studies have also shown the formation of reverse micelles in 

various non-polar solvents, including isooctane, the solvent used in this study[2-6]. 

Various techniques may be employed in the study of aggregation of surfactants in 

solution and reverse micelles such as small-angle neutron scattering[3], light 

scattering[7,8], vapour pressure osmometry[9,10], infrared spectroscopy[ III, 

thermometric investigations[12], and the solubilisation of iodine[2]. in this 

investigation, two methods were used to study the aggregation of the 

polymer/surfactants in isooctane namely, vapour pressure osmometry (VPO), and 

aggregation studies using a water soluble dye. 
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4.2. VPO Experimental 

4.2.1. Vapour Pressure Osmometry 

A Gonotec Osmomat 070/090-SA was used to measure the vapour pressure of the 

different solutions. A schematic diagram of the instrument is shown in figure 4.1. 

Reference thenTustw 
with hanging drop aä 
pure solvent 

Sample themvsior 
with haxiging d]Yp 

-. -º Closed chamber 

Glass cup 

Forces wick 

Faxe solvent 

Figure 4.1. Schematic diagram of a vapour pressure osmometer 

The apparatus consists of a solvent reservoir, two thermistors, a wick to disperse the 

solvent and a Wheastone bridge circuit. The solvent reservoir at the bottom and the 

porous wick helps in maintaining saturation vapour pressure in the cell. The two 

thermistors are connected as arms of the Wheatstone bridge as shown in figure 4.1. R is 

a variable resistor which can be used to null any off-balance voltage across the arms. 

The presence of a solute in a solvent lowers vapour pressure of the solvent and when a 

drop of the solution is exposed to the vapour of the pure solvent, condensation of 

solvent from the vapour phase takes place. The heat of condensation increases the 

temperature of the solution drop and will, theoretically, increases the solution vapour 

pressure to that of the solvent pressure to attain equilibrium. If a drop of the pure 

solvent is placed on one thermistor and a drop of the solution is placed on the other 
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thermistor, this increase in temperature can be easily recorded as a change in balancing 

resistance, AR, across a Wheatstone bridge circuit. The instrument is first calibrated 

with a standard of known molar mass before starting an experiment. It also has a 

thermal chamber above the closed chamber where solvent/solution containing syringes 

can be placed so that the solvent/solution can be heated to the required temperature 

before being introduced to the closed chamber. 

In an ideal system, in which there are no heat losses, the lowering of vapour pressure 

by the solute will be balanced by the increase in temperature to equalize the solvent 

and solution vapour pressures[9]. Using the Clausius-Clapeyron equation, which gives 

the temperature dependence of the vapour pressure of a liquid gives eqn. 4.1 

dP PAH; 
_ Eqn. 4.1 dT RT 

where, 

01YI = latent heat of vapourisation of the liquid 

P= pressure 

T= temperature 

R= gas constant 

If the vapour pressure of the solution is P and that of the pure solvent is P. and the 

temperature changes from Tl to T2, then, assuming an involatile solute, eqn. 4.1 can be 

integrated to obtain eqn. 4.2 and eqn. 4.3. 

dP AH, 
R 

(dT 
T2 

Eqn 4.2 
P. T, 

In p 
=Ina, =_AH' L---i E n. 4.3 P. R 

[T2 

T, q 
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where ai is the activity of the solvent. For a small change in temperature, i. e., T2 - Ti 

(= A T) with respect to the operating temperature T, the eqn. 4.3 can be rearranged to 

give eqn. 4.4. 

AT=- In Eqn. 4.4 
Awl 

Eqn. 4.4 can be further rewritten as 

tT =- K' In a, Eqn. 4.5 

where K" is a constant. Also, since AR (the change in balancing resistance measured by 

the Wheastone bridge circuit) is proportional to AT, the activity of the solvent will be 

related to AR by eqn. 4.6. 

OR =- Pin a, Eqn. 4.6 

where K' is a constant of proportionality. 

For a dilute polymer solution, the activity of the solvent can be related to the volume 

fraction of the solute u2 by the following virial equation: 

uZ 23 In a, - cru2 - ýl ii i2 ... Eqn. 4.7 
m 

where m is the ratio of the molar volumes of polymer and solvent. 

The solute concentration c, (in weight of solute per unit weight of solution) for a dilute 

polymer system can be related to u2 as shown in eqn. 4.8. 

VI u2 Mi 
U2 = cw v2 and -mC,,, M Eqn. 4.8 

i 

where v, and v2 are the partial specific volumes and Ml and M2 are the molar masses 

of the solute and solvent, respectively. As vapour pressure lowering is a colligative 

property, the value of M2 can be approximated to the number average value Mn for a 

polydisperse solute. Eqn. 4.8 can then be rewritten as: 
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2-3 

V2 V2 OR = K'C, 
ý, + Ä'a ? Cx, 2 + Ä'ß3 ? C, ß, 

3 + ... Eqn. 4.9 M. Vl Vl 

Eqn. 4.9 can be rewritten to a convenient form, Eqn. 4.10. 

AR 
=(AR) 

(1+r2C,, 
+r3C ,2+... 

) Eqn. 4.10 
c cW 

0 

where =K Eqn. 4.11 
Cw 

0 
M. 

and K= K'M1 is a constant. 

In a reasonably dilute system, third virial coefficient contributions to non-ideality are 

not common for polymers whose molar masses are lower than 25000 g mol"1 and 

hence, plotting a graph between and c, the concentration, should give a straight 

line whose intercept is and whose slope gives f2. If K is known from the 
c 

calibration experiment, M,, can be calculated. 

4.2.2. Experimental details 

A sufficient volume of isooctane was added to the reservoir and the instrument was left 

to stabilise for 30 min at 40 °C to create an equilibrium solvent vapour environment in 

the chamber. Before experiments were carried out with either the polymer or one of the 

surfactants, the instrument was first calibrated using solutions of squalane in the 

concentration range 0.4 g kg-1 (0.001 mol kg-1) to 4.0 g kg-1 (0.01 mol kg-1) in 

isooctane. Syringes containing isooctane and the various solutions were placed in the 

thermal chamber and left to stabilise and attain the set temperature for 30 min. After 30 

min, a drop of isooctane was placed on each of the thermistor tips taking maximum 

care that the drops were of the same size. After 2 min, three values of AR were 

measured at a set interval of 2 min; the average of these values is the baseline value. 
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After the baseline measurement, a drop of most dilute squalane solution was placed at 

the tip of one of the thermistors and left for 2 min to stabilise. Three values of OR were 

then measured again at intervals of 2 min and the average taken to obtain the AR value 

for that particular solution The thermistor was then flushed with isooctane and a drop 

of the second most dilute solution was placed at the tip of the thermistor. OR values 

were measured again and this procedure was repeated for all the solutions, with the 

most concentrated solution measured last. The values were corrected for baseline shift 

and a plot of against c, where c is the concentration, was obtained. This plot was 
c 

used to calculate the calibration constant, K, of the instrument as the molecular weight 

of Squalane is known. 

The same procedure was repeated with solutions of the polymer and the surfactants in 

the concentration range 2g kg' to 16 g kgg'. 
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4.2.3. Results 

4.2.3.1. Calibration plot of VPO signal against concentration using squalane 

The plot of AR/c as a function of concentration for the calibration of the instrument 

using squalane is shown in figure 4.2. 
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Figure 4.2: Plot of VPO signal against concentration for squalane 

4.2.3.2. Plot of VPO signal against concentration for Pl 

The plot of OR/c as a function of concentration for P1 is shown in figure 4.3 
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Figure 4.3: Plot of VPO signal against concentration for P1 
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4.2.3.3. Plot of VPO signal against concentration for surfactants Si, S2, S3, S4 and S5 

The plot of AR/c as a function of concentration for S 1, S2, S3, S4 and S5 are shown in 

figure 4.4 to 4.8, respectively. 

Figure 4.4: Plot of VPO signal against concentration for Si 
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Figure 4.5: Plot of VPO signal against concentration for S2 
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Figure 4.6: Plot of VPO signal against concentration for S3 
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Figure 4.7: Plot of VPO signal against concentration for S4 
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Figure 4.8: Plot of VPO signal against concentration for S5 

4.2.3.4. Calculation of aggregation number 

The value of the cell constant obtained from the calibration experiment carried out 

using squalane as the solute in isooctane was found to be 27870 SZ mol-' kg. Using this 

in equation 4.11, the value of M� for the polymer and the various surfactants were 

calculated. Dividing the M. value by the molecular weight of the corresponding 

polymer/surfactant gives the value of the aggregation number in isooctane. The values 

are shown in table 4.1. 

S. No. Species Calculated Molecular 
Weight/ (g mol'') 

M. (±30)/ (g mol"1) 
from VPO experiments 

Aggregation 
number, n 

1 P1 1174 1756 1.5 
2 S1 1640 1740 1.1 
3 S2 1592 1580 1.0 
4 S3 1697 1920 1.1 
5 S4 958 868 0.9 
6 S5 1654 1538 0.9 

Table 4.1: M. and aggregation numbers of the polymer and various surfactants 
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4.3. Dye Absorption Study Experimental 

4.3.1. Dye Absorption by Aggregates 

When amphiphilic molecules are added to a non-polar solvent, the molecules form 

aggregates in solution such that the polar head groups are embedded in the core of the 

aggregate and the hydrocarbon tails are dispersed in the medium forming a shell 

around the core. This is schematically represented in figure 4.9. 

Figure 4.9. Schematic representation of reverse micelles 

However, discussions have been made over the process of aggregate formation in non- 

polar media; whether the aggregation can be characterized by a monomer n-mer as 

postulated in aqueous micelles or whether a multiple equilibrium model applies, where 

a stepwise formation of aggregates is assumed in an indefinite association process such 

that monomers dimer trimer; E->- ... n-mer[4]. 

If a water soluble dye is added to the solution, it would be solubilised in the 

hydrophilic core of the aggregates[2] and its uptake into solution can be monitored by 

measuring the absorbance at the wavelength of maximum absorption in water, Amax, 

using a UVNIS spectrophometer. This, though, introduces the possibility of the dye 

acting as a core surface site on which the polymer/surfactant molecules can adsorb. 
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4.3.2. Experimental details 

Rhodamine B, a water soluble dye was used to study the aggregation of the 

polymer/surfactant in solution. Experiments were first carried out to study if the 

aggregation was induced by the dye itself. In order to do this, the dye concentration in 

the solution of the polymer was gradually increased whilst keeping the polymer 

concentration constant. In order to study the aggregation of the polymer/surfactant, a 

fixed concentration of the dye was dispersed in a solution of the polymer/surfactant by 

sonication using an Ultrawave sonic bath for 2 min and then tumbled overnight to 

achieve equilibrium. The sample was then centrifuged to remove any undissolved dye 

and the supernatant was studied by using a UVNIS Spectrophotometer. 
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4.3.3. Results 

4.3.3.1. Absorption at A as a function of dye concentration 

In order to test if the dye induced aggregation, experiments were carried out with 

increasing dye concentrations and the absorbance of the dye in solution at ?. n. ( was 

measured using a UVNIS spectrophotometer. The result is shown in figure 4.10. 

Figure 4.10: Absorbance at 551 nm of the dissolved dye versus the amount initially 

added at a fixed P1 concentration of 0.1 wt. % 

4.3.3.2. Absorption at 7A, as a function of P1 concentration 

The effect of gradually increasing P1 concentration at a fixed concentration of 0.25 wt 

% Rhodamine B on the absorbance of the solution is shown in figure 4.11. 
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Figure 4.11: Absorbance at 553 nm of the dissolved dye as a function of P1 

concentration 

4.3.3.3. Absorption at %=x as a function of P1 concentration in the presence of a fixed 

amount of SI or S3 or S4 

The effect of either S1, S3, or S4 on the absorbance of the dissolved dye at gradually 

increasing P1 concentrations is shown in figure 4.12. 

Figure 4.12: Absorbance at 553 nm of the dissolved dye as a function of P1 

concentration (d) and in the presence of 0.1 wt. % Sl (0) or S3 (0) or S4 (1) 
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4.4. Analysis and Discussion 

The results of the aggregation studies carried out using vapour pressure osmometry 

indicate very little aggregation of the polymer or surfactant in solution as indicated in 

table 4.1. The extremely small slopes of the plots (figures 4.3 to 4.8) also indicate that 

the polymer/surfactant is in a thermodynamically poor solvent[13]. However, 

aggregation studies carried out by following the solubilisation of Rhodamine B, a water 

soluble dye, in isooctane with increasing polymer concentration indicate that there is 

aggregation taking place in solution. The "flat" nature of the plot in figure 4.10 shows 

that aggregation is independent of the dye concentration. Thus, the increase in 

absorbance as seen in figure 4.11 with increasing P1 concentration must correspond to 

an increased uptake of the dye by the aggregating polymer molecules. The surfactants 

with the less polar headgroups could not effectively solubilise Rhodamine B in 

isooctane to enable a systematic study. Their effect on the aggregation of PI is also 

minimal as shown in figure 4.12 though S3, with the amine headgroup, seems to have a 

slightly stronger influence. However, one needs to be cautious in interpreting the 

results as the dye itself could be acting as a surface site facilitating adsorption and the 

solubilisation of the polymer molecules in the solvent. The anomaly in the results 

obtained from osmometry and dye study could be due to the difference in sensitivity of 

the techniques used. Previous VPO studies carried out with higher molecular weight 

polymers of the same kind as studied here have showed the presence of aggregates in 

solution[10]. Therefore, the possible aggregation suggested by the dye study indicates 

the co-existence of aggregates at the interface (as already shown in chapter 3) and in 

solution as schematically represented in figure 4.13. 
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Figure 4.13: Schematic representation of the existence of polymer aggregates at the 

interface and in solution 
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CHAPTER 5: ATOMIC FORCE MICROSCOPY STUDIES 

5.1. Introduction 

A layer of adsorbed polymer on colloidal particles provides a steric hindrance which 

helps to stop them from aggregating. To achieve this, the layer should be of sufficient 

thickness in order to overcome the attractive van der Waals forces between the 

particles. Repulsion between colloidal particles can also be achieved by introducing 

charges on the surfaces. This provides a long range repulsive Coulombic interaction 

between the electrical double layers at low ionic strengths[1]. However, in this study, 

the surfaces used bear little or no charge in non-polar media The polymer and 

surfactants used are also neutral. An earlier study carried out on the interactions of 

carbon surfaces covered with a polyisobutenesuccinimide dispersant confirmed that the 

stabilisation effect of the polymer is essentially steric in nature[2]. The thicknesses of 

adsorbed layers of the polymer and the surfactants were studied in the present work 

using a modified atomic force microscope, which will be described in detail in the 

following sections. 

5.2. Equipment and Theory 

Atomic force microscopes[3] evolved from scanning tunnelling microscopes[4] and 

have been playing a vital role in the direct measurement of surface forces for a number 

of years[5-7]. A modified atomic force microscope[8] constructed in Professor 

Luckham's group at Imperial College, London was used to measure the force-distance 

profiles of the detergent and surfactant molecules adsorbed on stainless steel and 

carbon surfaces. The technique uses a probe attached to the tip of the cantilever instead 

of a normal AFM cantilever[2,9]. A diagrammatic representation of the AFM 

equipment is as shown in figure 5.1: 
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Figure 5.1: Schematic diagram of the AFM apparatus 

The apparatus consists of a high resolution sensing probe, piezo electric ceramics, a 

feedback electronic circuit, and a computer for generating and presenting graphs. The 

colloidal probe and the stainless steel plate are both immersed in the solvent or polymer 

solution and the force is measured by following the deflection of a laser beam reflected 

from the tip of the probe. A glass window placed at the liquid air interface provides a 

stable interface through which the laser beam can transmit as can be seen in figure 5.1. 

The force sensor in the AFM measures the deflection of the cantilever through the help 

of a small laser beam which is reflected off the tip of the cantilever. The reflected beam 

moves across the face of a four-quadrant photo sensitive diode (PSD) which enables 

the calculation of the deviation of the cantilever by measuring the difference in light 

intensity at the sectors. The force, F, required to generate the deflection can be 

calculated using Hooke's law as follows: 

F= -kx Eqn. 5.1 
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Where k is the force constant of the cantilever and x is the distance moved by the 

cantilever. The PSD can detect deflections of less than 1A and hence, forces less than 

0.1 nN can be detected. The piezoelectric ceramic enables the sensor to move 

extremely small distances and permits the accurate positioning of the probe tip. It is 

constructed in such a manner that its physical dimensions change when a voltage is 

applied with an expansion coefficient in the range 1 AN to 3000 AN. The feedback 

electronic circuit creates a positioning mechanism by linking the probe/sensor and the 

piezoelectric ceramic. The characteristic of this AFM apparatus is that a carbon particle 

has been attached to the tip of the cantilever. The 20µm carbon particle is attached to 

the tip using Araldite glue which sets in 24 h. A photograph of this can be seen in the 

right top corner of figure 5.1. The particle was prepared by chemical vapour deposition 

coating of a layer of carbon from methane gas at high temperature and pressure on the 

surface of a glass bead. A fine polished steel plate is placed at the bottom of the watch 

glass containing the solvent or the polymer solution. 

As already mentioned in section 5.1, van der Waals attractive forces act between all 

bodies. The AFM apparatus allows the measurement of this interaction and the 

contribution of an adsorbed layer on the net force of interaction. The total force of 

interaction is dependent on the area of interaction. Various equations have been derived 

for different bodies interacting such as two spheres, a sphere and a plate, a sphere and a 

cylinder, etc. [ 1]. However, the standard presentation of force-distance data is based on 

the Derjaguin approximation[ 10] which is applicable to a variety of interaction 

geometries by making use of the approximation that, at very close separation, any two 

macroscopic bodies, behave as two parallel plates. 

For a sphere-plate interaction, 

F(D)sphere-plate = 2; zRw(D) 
plate- plate Eqn 5.2 
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where F(D) is the force between a spherical surface and a flat surface separated by a 

distance D, R is the radius of curvature and W(D) is the interaction energy between two 

flat plates of the same material. 

The van der Waals contribution to the interaction energy W(D) is given by eqn. 5.3: 

W(D) = 12 

H 
Eqn. 5.3 

where AH is the Hamaker constant which is dependent on the nature of the two 

interacting bodies and the medium between them. The net Hamaker constant, A132, for 

a system which involves two bodies 1 and 2, interacting through a medium, 3, is given 

by[ 1]: 

Al32 (Ai 12 _A3/2)*(A2/2 _A3/2) Eqn. 5.4 

where Al, A2 and A3 are the Hamaker constants of media 1,2 and 3, respectively. 

Substituting eqn. 5.2 in eqn. 5.3 leads to 

F(D) = 6D 
R 

Eqn. 5.5 

The dependence of the force on the value and sign of the Hamaker constant in eqn. 5.4 

can be shown by assuming three different values for the interaction between a particle 

of 20µm against a plate as shown in figure 5.2. 
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Figure 5.2: Force distance profiles of a 20 , ton particle interacting with a plate at 

Hamaker constant values 1.04 x 10-19J, 1.90 x 10"20 J and -8.00 x 10"21 J[I1]. The 

plots corresponding to the different Hamaker constants have been indicated on the 

graph. 

5.3. Experimental details 

A 20 µm carbon bead was attached to a tipless A-frame cantilever using Araldite. This 

was done under an optical microscope with a camera attached to view the cantilever 

and the particle on a monitor. A small amount of Araldite was placed on a glass plate 

and spread with a pin so that a thin strip of glue was obtained on the glass plate. The 

cantilever was then held face down on a micrometer with both vertical and horizontal 

motion levers. The camera was focussed to obtain a clear picture of the cantilever on 

the screen. The cantilever was then slowly taken down towards the glue on the glass 

plate until it touched the glue. This way, the glue was placed on the cantilever. After 

this, the glass slide was replaced with another one with carbon particles scattered on it. 

The cantilever was placed right on top of a carbon particle and slowly taken down until 

it touched the particle and the carbon stuck to the cantilever. It was then allowed to dry 

for 24 h. 
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The cantilever was placed on the cantilever mount of the AFM. A fine polished steel 

plate was then stuck to the bottom of a watch glass using a piece of double-sided tape 

to hold the plate stable. As the tape was completely shielded by the steel plate, the 

solvent could not reach and dissolve the glue on it. Isooctane was then poured into the 

watch glass such that it immersed the bottom half of the glass window attached on the 

cantilever mount as shown in figure 5.1. The system was now ready for measurement. 

A baseline measurement was carried out first in order to measure the force distance 

profile of the interaction of the carbon particle with the steel plate. After this baseline 

experiment, the solvent was changed to a polymer solution for obtaining the force- 

distance interaction in the presence of adsorbed polymers on the surfaces. The 

cantilever was changed for every new polymer solution used. 

82 



5.4. Results 

5.4.1. Force distance plot of carbon bead - steel plate interaction in pure isooctane 

and in the presence of adsorbed polymer layers 

The profile of the interaction between a bare carbon bead and a bare stainless steel 

plate in pure isooctane was taken as the baseline measurement. The plot so obtained 

can be seen in figure 5.3. 

Figure 5.3: Force distance profile of bare carbon - bare steel plate interaction 

This profile changes in the presence of the polymer in solution as can be seen in figure 

5.4. 
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Figure 5.4: Force distance profile of carbon - steel plate interaction in the presence of 

0.1 wt. % P1 after the system had been left for 30 min to equilibrate 

5.4.2. Adsorption of Pl on stainless steel as a junction of time 

In order to investigate the kinetics of adsorption of the polymer on a stainless steel 

plate, measurements of the force distance profiles were made at different times over a 

period of up to 105 min for 1 wt. %PL The plot of the thickness at different times can 

be seen in figure 5.5. 
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Figure 5.5: Thickness plot at different times. for 0.25 wt. %PI solution in isooctane on 

stainless steel plate 
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5.4.3. Adsorption of Pl on stainless steel as a. function of concentration 

The effect of increasing concentration of the polymer on the interaction distance 

between the plate and the carbon particle would indicate the nature of the adsorbed 

layer on the surfaces. A constant thickness at all concentrations would indicate a 

monolayer coverage while increasing thickness with increasing concentration would be 

an indication of some association at the interface. Measurements were carried out at 

different concentrations and then the distance of interaction was plotted as a function of 

the concentration of polymer as shown in figure 5.6. 
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Figure 5.6 (c) 

Figure 5.6: (a and b) Force distance profiles in the presence of 0.5 wt. % PI and 0.9 

wt. % P1, respectively (c) Effect of increasing concentration of P1 on the distance of 

interaction 

5.4.4. Force distance profiles for polymer and surfactant mixtures 

In order to understand the effect of the presence of a surfactant on the adsorption of the 

polymer, AFM experiments were carried out with mixtures of polymer and surfactant 

in isooctane. The force distance profile was first obtained in the presence of a small 

amount of surfactant S2. S2 concentration was then increased to study its effect on the 

distance of interaction. The results are shown in figures 5.7 and 5.8. 
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Figure 5.7: Force distance profile for a mixture of 0.8 wt. % PI and 1.0 wt. %S2 after 

1h of equilibration 

Figure 5.8: Force distance profile for a mixture of 0.6 wt. % PI and 1.8 wt. % S2 after 

1h of equilibration 

5.4.5. Force distance profiles of the adsorption of surfactants S4 and S5 

Surfactants S4 and S5 have similar structures except that S5 has twice the number of 

propoxylate units as compared to S4. If they were to adsorb normal to an interface, S5 

would give about twice the thickness of S4. In order to test this, measurements were 
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carried out for 1 wt. % S4 and 1 wt. % S5 after 1h of equilibration. The results are 

shown in figures 5.9 and 5.10. 

Figure 5.9: Force distance profile for a mixture of 0.5 wt. % S41 after Ih of 

equilibration 

Figure 5.10: Force distance profile for a mixture of 0.5 wt. % S5 after Ih of 

equilibration 
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5.5. Analysis and Discussion 

The force-distance profile obtained for the interaction between a bare particle and a 

bare steel shown in figure 5.3 indicates that at a distance beyond 3 nm to 5 nm, there 

was no presence of any interaction. As the surfaces approach, they reached a point at 

which the repulsive force rises steeply. This can be presumed to be the region of 

constant compliance, where the detector signal varies linearly with the applied drive 

voltage. This is the regime where the carbon particle was in contact with the steel 

substrate. In the presence of adsorbed polymer (figure 5.4), the repulsive interactions 

are observed at separations of about 18 nm. As the particle and substrate were further 

forced together, a constant compliance zone was reached again. There was also no 

visible hysteresis when the separation was increased indicating that the polymer chains 

on the surfaces did not entangle with one another. 

The kinetic studies carried out in the presence of the polymer shown in figure 5.5 

indicated little change in the distance of interaction with time suggesting that 

adsorption reached equilibrium within the first fifteen minutes. Increasing polymer 

concentrations however indicated that the distance of interaction increased linearly 

with polymer concentration, shown in figure 5.6 (c). It was observed that the force- 

distance profiles showed a sudden decrease in thickness at about 0.75 nN, which also 

corresponded to an interaction distance of roughly 20 nm as shown in figures 5.6 (a) 

and 5.6 (b). If the polymer formed the same type of adsorbed layer at each interface, 

this would suggest that the thickness of the layer at one interface is about 10 nm. 

Decreasing the separation could possibly be providing enough force to squeeze the 

polymer layers between the steel substrate and the carbon probe surfaces thus giving 

the `apparent' jump until it reached the constant compliance regime. 

The polymer, usually added in gasoline formulations, was believed to form a protective 

coating on the valve surfaces and also disperse the carbonaceous particles formed 
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during combustion. For the polymer molecules to effectively disperse the particles, 

they should form a layer thick enough to provide steric hindrance and overcome the 

attractive van der Waals forces acting between the particles. The values of Hamaker 

constants for carbon (quartz), steel and an alkane of 8 carbons are around 6.50 x 10'20 

J, 40.0 x 10"20 J and 4.50 x 10'20 J, respectively[12]. These values were used to 

calculate the Hamaker constants corresponding to the interactions between carbon and 

carbon, steel and steel and carbon and steel through an alkane medium using eqn. 5.4. 

The force distance profiles obtained for the interaction of a particle of radius 10 

microns with a substrate obtained by using eqn. 5.5 are shown in figure 5.11: 
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Figure 5.11: Theoretical force distance profiles for carbon - carbon, carbon-steel and 

steel - steel interactions through an alkane medium 

The theoretical profile for carbon particle and steel interaction through an alkane 

medium showed that the minimum thickness required in order to overcome the van der 

Waals force was about 20 nm. Corresponding to a layer of at least 10 nm thick on each 

interface. From the experiments carried out using an atomic force microscope, it was 

shown that the polymer might provide a layer just thick enough to achieve this. 
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The thickness of the adsorbed layer of the polymer decreased in the presence of 

surfactant S2 (figures 5.7 and 5.8) suggesting some interaction between the surfactant 

and the polymer at the interface. However, it was unlikely for the surfactant with the 

poly(propylene oxide) chain to completely displace the polymer with the strongly 

hydrophilic amine and phenolic headgroups. The surfactant could be interacting with 

weakly bound polymer molecules at the interfaces and then these aggregates could 

themselves be solubilising in the solvent. The S2 molecules could also be displacing 

some of the polymer molecules on approaching the constant compliance regime. 

Interestingly, this was the only experiment where hysteresis was observed on 

separation. Poly(ethylene oxide) polymers have been shown to form bridges between 

glass substrates and glass probes in water in a similar experimental set-up[13]. This 

could be an explanation for the observed hysteresis where the propoxylate chain 

formed a bridge between the stainless steel plate and the carbon particle during full 

compression. 

Surfactants S4 and S5 have the same structural units but S5 has twice the number of 

propoxylate units as compared to S4. Thus, if these molecules were to attach standing 

on the surfaces, S5 would give twice the thickness as that of S4. However, the force 

distance profiles for surfactants S4 and S5 were very similar and not very different 

from that of the bare substrate-bare probe interaction as shown in figures 5.9 and 5.10. 

This could only mean that the molecules, if they did adsorb, were lying in a flat 

configuration with the propoxylate units acting as the anchor points. Ellipsometry 

experiments also showed small thickness values for all the surfactants suggesting that 

this hypothesis is correct (chapter 6 of this thesis). 
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CHAPTER 6: ELLIPSOMETRY STUDIES 

6.1. Introduction 

Ellipsometry is an optical technique used for the characterisation of film thicknesses 

and optical constants at an interface. It uses the optical polarisation transformation of a 

polarized light as it is reflected from, or transmitted through, a film or an interface. it is 

an indirect measurement technique which does not perturb the system, when an 

appropriate wavelength and intensity of the light beam is used[ 1 ]. Ellipsometry is a 

popular technique to study interfacial properties in-situ to study for example, the 

growth of polymer films[2,3], associative interactions at interfaces[4], adsorption at an 

interface[5], etc. 

A plane electromagnetic wave consists of an electric field and a magnetic field at 90 

degrees to each other, which are both orthogonal to the direction of propagation of the 

beam as shown in figure 6.1. 

X 

Magnetic Field, B 

Y 

Electric Field. E 

Direction of propagation 

Z 

Figure 6.1: The two components of an electromagnetic wave 

Polarization states of a beam are usually defined in terms of the direction and phase of 

the electric field vector only. In a non-charged and isotropic system, the components of 

the polarisation vector must lie in the plane perpendicular to the direction of 

propagation. Thus, the polarization state of a beam can be defined by any two 

orthogonal axes in the plane perpendicular to the direction of propagation. These two 

planes are usually denoted as the p- and s-planes. The p-plane lies in the plane of 
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incidence and is normal to the surface whereas, the s-plane lies parallel to the surface. 

The p-plane, s-plane and the direction of propagation define a right-handed Cartesian 

co-ordinate system[6]. This is illustrated in figure 6.2. 

E P; plane 

s-plane 
3. elliptically polarized light l 

E 

2. reflect off sample ... 
plane of incidence 

Figure 6.2: Schematic illustration of s- and p -planes and the geometric arrangement of 

an ellipsometric experiment[]] 

The polarisation state of a light beam is characterised by the amplitude ratio, A, /AS and 

the phase difference, 6- SS of the p and s components such that: 

AP / AS 
tan i' =ý/ Aý 

Eqn. 6.1 
Ap s 

and A=(Sp -S., )-ýý,, -S.; ) Eqn. 6.2 

The superscripts i and r denote the incident and the reflected beams, respectively. 

The measured quantities in ellipsometry are `I', the amplitude component, and A, the 

phase component. V and A are related to the ratio of Fresnel reflection coefficients Rp 

and Rs for p- and s-polarized light, respectively, as follows: 

R 
p=R= ý(yi)eA Eqn. 6.3 Rs 

RP and RS are derived from the oblique reflection and transmission of a plane wave at 

the interface between two semi-infinite media as represented in figure 6.3. 
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Figure 6.3: Schematic illustration of oblique reflection and transmission of a plane 

wave at the interface between two semi-infinite media 0 and 1. #0 is the angle of 

incidence and 01 is the angle of refraction. 

The Fresnel reflection coefficients are given by. 

Rp tan (00 - 01) 
Eqn. 6.4 P ß(0o +01) 

R-- sin (#o - 01) 
Eqa 6.5 $ Sm (P +Yl) 

They also depend on the wavelength of the light, 1, and the optical properties of the 

reflecting system. The complex index of refraction, N, for each media can be expressed 

as shown in eqn. 6.6[7]. 

N=n+ik Egn6.6 

Where n is the index of refraction and k is the extinction coefficient. 

The angle at which Rp is minimum is called the Brewster angle. Reflection at the 

Brewster angle leads to maximum polarisation of the reflected light from the interface 

and the intensity of the reflected parallel polarisation is a minimum enabling accurate 

data acquisition[8,9]. 

6.2. Instrumentation 

The EHipsometer used in this study is an M-2000UJa Ellipsometer manufactured by J. 

A. Woollam Co., Inc. It is a spectroscopic ellipsometer and operates in the wavelength 

range of 235 mit to 1700 nm 
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The instrument consists of the following units[1]: 

1. Light Source 

2. Polariser 

3. Compensator 

4. Sample Platform 

5. Analyser 

6. Detector 

A range of light sources are available for the VASE M-200011® Ellipsometer as listed 

below: 

Lamp source Wavelength range (nm) 

Deuterium (Dz) 140 - 300 

Xenon (Xe) 190 - 2000 

Quartz Tungsten Halogen (QTH) 350 - 2000 

Silicon carbide globar 1500 - 40000 

Figure 6 4: The different light sources available for spectroscopic ellipsometers 

The light beam is coupled between the various optical its of the ellipsometer by fiber 

optic cables of about 200 - 400 fan diameter suitable for UV and IR transmissions. 

The polariser used is a calcite Gan-Taylor polariser which polarises a light beam to 1 

part in 106, and transmits sufficiently in the range 230 nm to 2200 nm. 

Compensators, placed in-between the polariser and the sample, convert linearly 

polarised light to circularly polarised fight. An ideal compensator is an optical retarder 

that has a retardation of exactly 90° between the perpendicular Components of the 

electric field of the light beam Retarders are generally constructed from thin plates of a 

birefringent material or from polished crystal rhombs. The VASE M-2000® 

96 



ellipsometer has a rotating compensating configuration. White light is reflected from a 

sample through the analyser and to the detector. 

The detector used in the M-2000® ellipsometer is a charge-coupled device (CCD) array 

which operates simultaneously at many wavelengths. Silicon arrays are used for 

wavelengths up to 1100 nm, but are replaced with InGaAs (Indium-Gallium-Arsenic 

mixture arrays) to cover the near infrared spectrum up to 1700 nm. 

6.3. Experimentation 

All the experiments using the ellipsometer were carried out at an incident angle 700. 

Previous studies of similar systems had also used this angle[10]. A quartz sample cell, 

obtained from Hellma, Germany, with the transmitting sidewalls angled at 70° was 

used for all the in-situ measurements. 

Steel plates of 1 cm2 area, which have been previously fine polished (section 2.7 in 

chapter 2 of this thesis), were used as the substrates and all the samples were prepared 

in isooctane solvent and the experiments carried out at ambient room temperature. In 

order to facilitate the dispersion of concentrated samples added to the solvent/solution 

in the cell, a small overhead stirrer was built in the laboratory using a 1.5 - 4.5 V and 

6550 r. p. m. motor. By using a dye solution, as a visible reference it was found that the 

stirrer was able to disperse the solution throughout the cell within 90 s. As a precaution 

to avoid bubble formation and splashing, only the tip (< 1 mm) of the stirrer was 

immersed in the solvent/sohrtion. The cell was covered with a top, with an opening for 

the stirrer, to minimise evaporation of the solvent during the course of the experiment. 

The plate and the cell had been previously cleaned by passing strong currents of dry air 

to remove any dust or particulate matter present on the plate or inside the cell. The 

wavelength range chosen for the current study was 500 nm to 1000 nm, which is the 

range where the polymer or any of the surfactants are non-absorbing, i. e. are 

spectroscopically inactive. 
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Measurements were started in the presence of a fixed mass of isooctane in the cell plus 

the steel plate. After some time, a known amount of concentrated polymer/surfactant 

solution was added to the cell to study the adsorption and polymer/surfactant layer 

build-up at the interface. The solution was dispersed using the "homemade" stirrer. 

Some of the experiments were started straight with a polymer/surfactant solution. 

To analyse the data, a model describing the optical structure of the substrate, Le. steel 

plate in isooctane, was constructed using the data analysis software package available 

with the instrument. This was taken as the base model representing the substrate. A 

layer, representing the polymer layer, was then added on top of the base model and was 

fitted with a theoretical model corresponding to an organic film. The models were 

iterated until the theoretical values of `Y and A closely matched the measured values. 
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6.4. Results 

6.4.1. Ellipsometric profile of yi for stainless steel/isooctane interface 

An initial study of the stainless steel and pure isooctane was carried out to study if 

there was any change in the value of ijr with time. The plot of yr as a function of 

wavelength and time, is shown in figure 6.5. 
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Figure 6.5: yi as a function of wavelength and time every 20 min. The slices indicate 

the times of which the data have been plotted. 

As this was the data from which base model, representing the steel isooctane interface, 

is generated, a theoretical base line model fit was carried out at 0 min and 80 min to 

study if the same model fitted the data collected at these different times. One model 

could fit the graphs obtained at different times as shown in figure 6.6. 
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Figure 6.6: Model fit of the yf graphs obtained at different times. The model fit is a 

theoretical treatment of the experimental values obtained at 0.02 min and 80.03 min 

and represents the steel/isooctane interface. 

6.4.2. Adsorption kinetics of the detergent on steel in isooctane 

To investigate the kinetics of adsorption of the polymer on stainless steel, experiments 

were carried out at different concentrations as a function of time. It was noticed that 

adsorption reached equilibrium condition in about 60 to 70 minutes, as can be seen in 

the following figures. 
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Figure 6.7: Plot of gras a function of time for 0.5 wt. % PI solution 

CD 
N 
a) 
Qi 

C 

9" 

,. ). 1 0 

Time/ Min 

Figure 6.8: Plot of gras a function of time for 1.0 wt. % P1 solution 
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6.4.3. Adsorption kinetics of the surfactants on steel in isooctane 

The adsorption kinetics of the different surfactants on stainless steel was also studied 

and the graphs of yr versus time are shown in figures 6.9 to 6.11. 
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Figure 6.9: Plot of yeas a function of time for 0.5 wt. % SI solution 
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Figure 6.10: Plot of yr as a function of time for 0.5 wt. % S3 solution 
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Figure 6.11: Plot of y'as a function of time for 0. S wt. %, 55 solution 

6.4.4. Adsorption kinetics of polymer and surfactant mixtures on steel in isooctane 

Adsorption kinetics was also studied for various mixtures of the polymer and the 

surfactants and the graphs show equilibration after 70 minutes like for the polymer on 

its own. The graphs of yi versus time for the different mixtures are shown in figures 

6.12 to 6.16. 
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Figure 6.12: Plot of yr as a function of time for 0.5 wt. % PI and 0.5 wt. % SI solution 
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Figure 6.13: Plot of yeas a function of time for 0.5 wt. % PI and 0.5 wt. %S2 solution 
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Figure 6.14: Plot of yi as a function of time for 0.5 wt. % Pl and 0.5 wt. %S3 solution 

3 

3 

31 
U) 
N 

30 
cm a) 

30 

30 

30 

30 

A 

.2 500.92 nm 
p 624.98 nm 

748.87 nm 
8 871.96nm 

992.86 nm 

n 
0 50 100 150 200 

Time/ Min 
250 

Figure 6.15: Plot of +lr as a function of time for 0.5 wt. % PI and 0.5 wt. % S4 solution 
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Figure 6.16: Plot of yeas a junction of time for 0.5 wt. % PI and 0.5 wt. % S5 solution 

To understand the effect of polymer-surfactant ratio on adsorption kinetics, 

experiments were also carried out using mixtures of 0.5 wt. % PI and 1.25 wt. % of the 

surfactant. The graphs obtained are shown in figures 6.17 to 6.21. 
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Figure 6.17: Plot of w as a function of time for 0.5 wt. % P1 and 1.25 wt. % Si 

solution 
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Figure 6.19: Plot of yr as a function of time for 0.5 wt. % PI and 1.25 wt. % . S3 

solution 
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Figure 6.20: Plot of yi as a function of time for 0.5 wt. % Pl and 1.25 wt. % S4 
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6.4.5. Adsorption of polymer on steel as a function of concentration in isooctane 

To study the effect of concentration on the adsorption of the polymer, an experiment 

was started with 0.1 wt. % P1 solution and Pl concentration was increased to 0.25 wt. 

%, 0.5 wt. %, 0.75 wt. %, 1.0 wt. %, 1.25 wt. % and 1.5 wt. % at regular intervals. 

Each addition was followed by a rise in y value as shown in figure 6.22. The drop seen 

at about 360 min was due to the addition of 0.5 wt. %SI. 1.0 wt. %S1 was also added 

at about 420 but no noticeable drop in yr was noticed. 
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Figure 6.22: Plot of gras a function of PI concentration 
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6.4.6. Adsorption of polymer on steel in isooctane followed by surfactant additions 

In order to understand the effect of adding a surfactant on the adsorption of the 

polymer on stainless steel, experiments were carried out where P1 was initially allowed 

to adsorb on steel followed by the addition of a surfactant. The values of y thus 

obtained for different polymer-surfactant systems are shown in figures 6.23 to 6.25. 
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Figure 6.23: Plot of yi as a function P1 concentration followed by the addition of a 

certain amount of Sl 

The experiment was started with 0.5 wt. % P1 solution and increased to 1.0 wt. % at 73 

min. Each addition was followed by a rise in yr value as seen in figure 6.23.0.5 wt. % 

Si was added at 177 min. 
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Figure 6.24: Plot of yi as a. /unction of time at different concentrations of Pl. followed 

by the addition of certain amounts of S3 

The experiment was started with isooctane only and then I wt. % PI was added at 6 

min. 0.5 wt. % S3 and I wt. % S3 were added at 66 min and 135 min, respectively. 
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Figure 6.25: Plot of yi as a function of time at different concentrations of PI followed 
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The experiment was started with isooctane only and then 1 wt. %P1 was added at 5 

min. 0.5 wt. % S5 and I wt. % S5 were added at 79 min and 128 min, respectively. 

6.4.7. Adsorption of S3 on steel in isooctane followed by SI addition 

Surfactant S3, with the amine head group, adsorbs strongly on stainless steel. In order 

to understand the effect of S 1, which has the same number of butoxylate units as S3, on 

its adsorption, an experiment was carried out. The values of yf thus obtained can be 

seen in figure 6.26. The experiment was started with isooctane only and then 0.5 wt. %, 

1.0 wt. % and 2.0 wt. % S3 were added at 5 min, 72 min and 122 min, respectively. I 

S1 was added at 185 min. 

31.2 

zuu. vz nm 
624.98 nm 
748.87 nm 
871.96 nm 
992.86 nm 

30.9 

un 30.6 
a) N 
I- 
aa, 30.3 

9.30.0 

29.7 

29A L 
0 50 100 150 200 250 

Time/ Min 

Figure 6.26: Plot of yi as a function of time at different concentrations of'S3, followed 

by the addition of a certain amount of Sl 

6.4.8. Adsorption of surfactants on steel in isooctane followed by Pl addition 

In section 6.4.6., the effect of a surfactant addition to an already adsorbed polymer 

layer at the steel-isooctane interface was described. Similar experiments were also 

carried out to study the effect of polymer addition on an already adsorbed layer of a 

surfactant. The various results obtained are shown in figures 6.27 to 6.29. 
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Figure 6.27: Plot of yr as a function of time at different concentrations of SI, followed 

by the additions of various amounts of PI 

The experiment was started with isooctane only and then 0.5 wt. % and 1.0 wt. %SI 

were added at 15 min and 79 min, respectively. 0.5 wt. % and 1 wt. % PI were added 

at 141 min and 200 min, respectively. S1 concentration was further increased to 1.4 wt. 

% at 265 min as a matter of experimental interest. 
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Figure 6.28: Plot of yr as a function of time at different concentrations of S3, followed 

by the additions of various amounts of Pl 

The experiment was started with isooctane only and then 0.5 wt. % and 1.0 wt. % S3 

were added at 5 min and 62 min, respectively. 0.5 wt. % and I wt. %P1 were added at 

114 min and 178 min, respectively. S3 concentration was further increased to 1.5 wt. % 

at 248 min as a matter of experimental interest. 
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Figure 6.29: Plot of u as a function of time at different concentrations of S5, followed 

by the additions of various amounts of P1 

The experiment was started with isooctane only and then 0.5 wt. % and 1.0 wt. % S5 

were added at 10 min and 75 min, respectively. 0.5 wt. % and 1 wt. %Pl were added 

at 137 min and 193 min, respectively. S5 concentration was further increased to 1.5 wt. 

% at 263 min as a matter of experimental interest. 
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6.4.9. Desorption of PI from steel-isooctane interface 

Desorption of P1 from the interface was studied by diluting the Pl solution in the cell 

by the addition of fresh isooctane. The result is shown in figure 6.30. 
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Figure 6.30: Plot of y' as a function of time to study the desorption of P1. The 

experiment was started with isooctane only and then 1.0 wt. % PI was added at 11 min 

and diluted to 0.62 wt. % at 82 min. 

Desorption of 1.0 wt. % P1 and 1.0 wt. % S3 from the interface was also studied by 

diluting the mixture solution in the cell by the addition of a 1.0 wt. % S3 solution. The 

result is shown in figure 6.31. 
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Figure 6.31: Plot of yi as a function of time to study the desorption of Pl. The 

experiment was started with isooctane only and then 1.0 wt. % PI and 1.0 wt. % S3 

were added at 10 min and diluted to about 0.5 wt. % Pl at 73 min with 1.0 wt. % S3 

solution. 

Desorption of 1.0 wt. % P1 and 1.0 wt. % S3 from the interface was also studied by 

diluting the mixture solution in the cell with the addition of a 1.0 wt. % P1 solution. 

The result is shown in figure 6.32. 
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Figure 6.32: Plot of yr as a function of lime to study the desorption of P1. The 

experiment was started with isooctane only and then 1.0 wt. % P1 and 1.0 wt. % S3 

were added at 5 min and diluted to about 0.6 wt. % S3 at 68 min with 1.0 wt. % PI 

solution. 
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6.5. Analysis of results 

6 5.1. Estinnation of the thicknesses of the adsorbed layers on stainless steel 

The thickness values of the various adsorbed layers have been obtained by fitting the yr 

values at different wavelengths using the model of an organic film at the interface. This 

model can be schematically presented as shown below: 

I®ddd 

Figure 6.33: A simple model representing multiple reflected and transmitted beans for 

a single polymer layer at the steellisooctane interface, assuming that the steel acts as 

an optically thick substrate 

The presence of an adsorbed layer modifies the reflection coefficients so that both 'Y 

and A values change. The reflection of polarised light from the steel plate in isooctane 

was modelled using a theoretical fit to create a base model for the steel. The difference 

in the values of `il and A, as compared to the base model, due to the adsorbed polymer 

layer can be measured using the ellipsometer. The organic layer model, as shown in 

figure 6.33, allows the fitting of the values of 'I' in order to derive the thickness and 

optical properties of the organic film However, in principle, a multilayer model can be 

used but this was not attempted in this study. The single layer model appeared 

sufficient enough to analyse the data obtained, and it is unlikely for such systems in 

apolar media to form multilayers. It may be noticed from figure 6.33 that there can, in 

principle, be an infinite number of reflected and transmitted beams. However, the 
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splitting of the beam into reflected and transmitted components at each reflection 

would reduce the amplitude of the subsequent reflections such that the reflected and 

transmitted beams dies out eventually[ 1 ]. It was mentioned earlier that the organic 

Layer model was used to fit the experimental values of W. This can be done by varying 

the thickness, refractive index and the extinction coefficient values of the layer. In this 

study, the thickness of the theoretical model used for the analysis was varied until the 

best fit was obtained. The refractive indices at different wavelengths were kept 

constant for the polymer and the surfactants. The model, however, used a preset range 

of refractive indices at different wavelengths supplied by the manufacturers of the 

instnunent A plot of these preset values of the refractive indices at different 

wavelengths obtained from the theoretical organic layer model is shown in figure 6.34: 
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Figure 6 . 34. A ref ictive index profile obtained from the polymer layer model 

The change in the thickness for the various systems studied are shown in figures 6.35 

to 6.38. 
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Figure 6.35: Thicknesses of various adsorbed layers at the steel-isooctane interface 
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Figure 6.36: Thicknesses of various 1: 1 mixtures of the polymer and the surfactants 

and a 1: 0.5 mixture of PI and S3 
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Figure 6.37: Thicknesses of various 1: 1.25 mixtures of the polymer and the surfactants 
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Figure 6.38: Thicknesses at various concentrations of the polymer 

In figure 6.38, surfactant SI was added at the end of the experiment to study its effect 

on polymer adsorption. 

6.5.2. Adsorption isotherm of P1 at the steel-isooctane interface 

The thickness of the various adsorbed layers have been obtained by fitting the yl values 

at different wavelengths using the model of an organic film at the interface as already 

explained in the previous section. In order to derive the adsorption isotherm of the 
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polymer, a simple relation developed by De Feiter, Benjamins and Veer was used[5]. 

The equation is as shown below. 

r-(n - no)d 
d/ 

c 

Where, 

n= refractive index of the adsorbed layer 

no = bulk refractive index 

d= the thickness of the adsorbed layer 

dn/dc = refractive index increment of the solute 

Eqn. 6.7 

The refractive index increment of the polymer was obtained by plotting the refractive 

indices, measured using a high accuracy Abbe Re&actometer at 589.6 nm (sodium D 

line), at different concentrations against the concentrations as shown below. 
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Figure 6.39: Plot of refractive index as a function of polymer concentration 

The corresponding adsorption isotherm of the polymer is shown in figure 6.40. 
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Figure 6.40: Adsorption isotherm of the polymer on stainless steel obtained using 

ellipsometry 
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6.6. Analysis and Discussion 

T Im constant values of qr recorded at different times over the whole wavelength range 

(figure 6.6) show that the steel/isooctane interface did not undergo any change with 

time thus excluding effects of surface leaching by the solvent or dissolution of 

impurities at the interface. Adsorption kinetics measurements showed that polymer 

adsorption on steel reached equilibrium. in less than 90 min (figure 6.7). The kinetics 

measurement for the surfactant molecules, on the other hand, showed no change in the 

values of yr with time suggesting very East adsorption kinetics with a very small surface 

density of the surfactants. Such a fast adsorption process was also noticed during 

kinetic experiments carried out by measuring the surface excess of the polymer 

(chapter 3). Interestingly, the addition of any surfactant to the polymer, even at high 

ratios, seemed to have only a minor effect on the kinetics of adsorption of the polymer 

as can be seen in figures 6.12 to 6.21. It is clear from these figures that P1 was the 

dominant adsorbing species of all the polymer and surfactants used in this study. The 

values of yr also showed a corresponding rise with each addition of the polymer (figure 

6.22) suggesting that it continuously adsorbed onto the surface. It is suggested that the 

polymer molecules most likely formed aggregates at the interface in chapter 3 and this 

could be an explanation for this rise. Increasing the concentration could be leading to 

the formation of hemimicelles[11,121 or hemimicellar aggregates at the interfaces[13]. 

In the same experiment, it was noticed that the addition of surfactant SI led to a small 

rise and then a gradual decrease in the value of V. indicating a drop in the adsorbed 

amount. However, a further increase from 0.5 wt. % to 1.0 wt. %SI did not have any 

significant effect on the values of W. This behaviour is further confirmed in figure 6.24 

and the observation that further addition of the surfactant did not lead to further 

reduction in the values of yr is confirmed in figure 6.25. The increase in W values was 

more pronounced for surfactants S3 and S5, which have an amine head group and a 
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benzene ring respectively. These functionalities could be contributing to the 

polarisation of the reflected beam leading to an increase in the values of W. The second 

addition of S5 in figure 6.25 led to a more pronounced increase in yr as compared to the 

addition of S3 (figure 6.24). This could be due to the fact that S5 has a benzene head 

group. The repulsion of a polar headgroup by an apolar medium could also explain the 

minute rise, visible on closer inspection, seen for the second addition of S3 in figure 

6.24. After all the additions, there was always an initial rise and then a gradual decrease 

with time. This could imply a fast interaction/adsorption phenomena occurring at the 

interface during addition followed by gradual equilibration. Care was taken not to add 

the polymer/surfactant solutions right on top the steel plate, placed in the middle of the 

cell, by pipetting in the solutions from the corner of the quartz cell. Surfactant SI did 

not seem to affect the adsorption of surfactant S3 as shown in figure 6.26. Previously in 

chapter 3, it was shown that there was no effect of the addition of S1 on the adsorption 

isotherm of S3. From these experiments, it was likely that the alkoxylate units of the 

surfactants lie flat on the surface and interact with the polymer, if present. 

Figures 6.27,6.28 and 2.29 show that the adsorption thickness was independent of 

which species occupied the surface first. Even though the surfactants had been 

adsorbed before the polymer, the polymer was the one that gave the thickest layer. 

However, if the surface had been first occupied by the surfactants, the polymer could 

only adsorb on the steel surface by displacing the surfactant molecules or by 

associating with the surfactant molecules to form aggregates. Therefore, it is likely that 

the adsorbed layer structure is governed by the polymer-surfactant interactions as has 

been observed in aqueous based studies[4,9]. Thus, the polymer and the surfactant 

could be synergistically adsorbing at the interhece. From the experiments carried out to 

understand the effects of dilution of the polymer solution on the adsorbed polymer 

layer, it appeared as if the polymer is being depleted from the interface (figure 6.30). 
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Also, this decrease in the value of yr upon dilution occurred only with the polymer and 

not surfactant S3 when the two were mixed together (figures 6.31 and 6.32). This could 

only suggest that the polymer is the primarily adsorbed species determining the layer 

thickness but it could be easily depleted from the interface by dilution while not being 

completely displaced. 

The thicknesses obtained for the various layers also show that the polymer formed the 

thickest layer. The thickness was almost double for 1.0 wt. % P1 as compared to that of 

0.5 wt. % P1 (figure 6.35). All the surfactants gave very small thicknesses indicating a 

flat conformation on the surface. However, S3 gave a thicker layer which could be 

explained by the fact that it has a propylene amine headgroup and an alkane chain 

which could orient normal to the interface. S5 has twice the number of butoxylate units 

as S4 and this seems to be reflected in the thickness values too as it always forms a 

thicker layer. This could be an effect of the higher molecular weight of S5. Similar 

trends indicating an increase in the adsorbed amount with increasing molecular weight 

of the adsorbing species have been previously reported[14). Figures 6.36 and 6.37 also 

show that sutfactant SI interacts strongest with the polymer thus giving the thickest 

layers. 

The adsorption isotherm obtained from ellipsometry suggest a type II type isotherm 

indicating aggregation at the interface which ties in well with the assumption that the 

polymer is forming aggregates at the interface (chapter 3). 
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CHAPTER 7: CARBON ADSORPTION/DEPOSITION STUDIES 

7.1. Introduction 

This chapter is concerned with the investigation of the adsorption and deposition of 

carbon particles on steel beads and plates. The deposition of carbon particles on 

stainless steel plates has been studied using a flow cell built in the School of Chemistry 

at the University of Bristol. 

An understanding of particle deposition and removal from surfaces plays an important 

role in various industrial applications such as particle filtration, paper manufacture, 

`soil' release from clothes, etc[1,2]. Most of the flow cell studies reported have been 

carried out using aqueous solutions. However, the experiments in this study used a 

hydrocarbon medium in order to understand the adsorption/deposition of carbonaceous 

particles, formed during fuel combustion, on engine valves. The removal of particles 

deposited on the surface under flow was also studied. The role of various polymer and 

surfactant additives in the deposition/removal process has been investigated. Previous 

studies have attempted to relate the removal to the flow rate and the adhesion force 

between the particle and the surface involved[1,3] in aqueous systems. Investigations 

into the effect of pH, ionic strength and particle size on the hydrodynamic force 

required to detach the particles have been carried out[1,4]. Of particular interest in this 

present study was the effect of a pre-adsorbed polymer layer on the ease with which the 

particles could be detached. Such layers may be expected, not only to provide steric 

stabilisation of particles, but also to act as deposition barriers between the particles and 

the plate. The affinity of the carbon particles for the beads has also been studied by 

carrying out adsorption experiments of carbon on steel in the presence of the polymer 

or surfactant and, polymer plus surfactant mixtures. 
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7.2. Experimentation 

7.2.1. Carbon adsorption on steel 

The adsorbed amount of the carbon particles on the stainless steel beads was 

determined as follows. Dispersions of the carbon particles in polymer/surfactant 

solutions in isooctane were prepared by dispersing a certain mass of the carbon 

particles in the polymer/surfactant solution, with the aid of sonication, using an 

Ultrawave sonic bath for 2 min, followed by 20 h of tumbling. To prepare the particle 

adsorption samples, a certain amount of the concentrated carbon dispersion in 

isooctane was added to 3g of stainless steel beads, weighed into a sample vial. 

Polymer/surfactant solution (in isooctane) was then added to give a total mass of 5.5 g. 

This procedure was repeated to give various concentrations of carbon particles in the 

range 0.1 to 1.0 wt. %. The samples were shaken vigorously for 5 min and then 

tumbled for 20 h. After 20 h the samples were left standing for 30 to 40 min. The steel 

beads, with a density almost ten times that of isooctane, sedimented rapidly within this 

period. The supernatant was diluted, as necessary, and the turbidity determined using a 

HP 8453 Diode Array UVNisible spectrophotometer, at a wavelength of 800 nm, to 

obtain the equilibrium concentration of carbon particles in the supernatant. A 

calibration plot of the turbidity versus the concentration of carbon particles in the 

appropriate polymer/surfactant solution was first obtained. The reference used was 

polymer/surfactant solution tumbled for 20 h with the steel, sedimented and slightly 

diluted. This would significantly reduce any contribution from any adventitious species 

which may have leached from the steel beads. 
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7.2.2. Flow cell studies 

In order to carry out the deposition and removal experiments, a flow cell was 

constructed from a block of Teflon and encased in a metal casket. A schematic diagram 

of the flow cell is shown in figure 7.1. 

Cover 

Cutlet 

Slots for steel plates 

Inlet 

Figure 7.1: Schematics offlow cell for studying carbon deposition on steel plates 

The casket also helped in supporting the metal tubes which were used to connect to 

Teflon tubes. Two 1 cm2 portions of the bottom of the cell were etched out such that 

the depth of the pit was the same as the thickness of the steel plates used. The whole 

apparatus consists of the flow cell, which houses the stainless steel plate, a Braun flow- 

meter which was set, in the experiments reported here, to operate at a speed of 25 mL 

h"', a syringe to hold the carbon dispersion and a sink to collect the output. The various 

units are linked using Teflon tubes of internal diameter 1 mm and a two-way tap 

regulates the flow. For the deposition experiments, 10 mL of carbon dispersion was 

placed in the syringe. A polished steel plate was rinsed in isooctane, dried and then 

placed in the pit at the bottom of the flow cell. The flow cell top was sealed tightly with 

Teflon tape. The experiment was started by first switching on the flow meter and then 

opening the tap. At the end of the experiment, the steel plate was removed, dried and 

analysed directly using a JEOL JSM- 5600 LV scanning electron microscope. To study 

subsequent particle removal, a second syringe, containing 10 mL of the solvent or the 

appropriate polymer/surfactant solution was used. 
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7.2.3. Image analysis 

In order to analyse the SEM micrographs in a more quantitative way, Scion image- 

analysis software (beta 4.0.2 version) obtained from Scion Corporation was used. The 

image was first processed to find the edges of the particles and then the threshold was 

set automatically. On doing so, the software automatically sets the background level 

white leaving the areas occupied by the particles as dark spots. Measuring the occupied 

area and then the surface area of the total image enabled the percentage area covered 

by the particles to be calculated. This method was considered more reliable as the 

threshold value was set automatically by the software and thus not prone to human 

error. However, this method of analysis is susceptible to error if there are particles 

adsorbed on top of others at the same point. 
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7.3. Results 

7.3.1. Carbon adsorption on stainless steel beads 

7.3.1.1. Calibration of carbon particles dispersed in P1 and S3 solutions at 800 nm 

Only PI and S3 (both with the amine head group) were effective in stabilising the 

carbon particles for a sufficient length of time, and hence withstand sedimentation. 

Therefore, all the particle adsorption experiments were carried out using only PI or S3, 

on their own or in the presence of other surfactants. The concentrations of the carbon 

dispersions were calibrated by measuring their turbidity at 800 nm, well beyond the 

absorbance range of the polymer or surfactant. The resultant plots are shown in figures 

7.2 and 7.3. 
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Figure 7.2: Calibration of carbon in PI solutions. The slope and regression values are 

2.9939 and 0.9871,3.0526 and 0.9944, and 2.3370 and 0.9916_fbr 2.5 wt. %P1,1.0 

wt. % P1 and 0.5 wt. % P1, respectively. 
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Figure 7.3: Calibration of carbon in 2.5 wt. % S3 solution. The slope and regression 

values are 2.9775 and 0.9926, respectively. 

7.3.1.2. Carbon adsorption on steel beads from dispersions in P1/S3 solutions 

The adsorption kinetics study for carbon particle adsorption on steel beads was carried 

out over a period of 9h in 2.5 wt. %P1. The results are shown in figure 7.4. 

Figure 7.4: Kinetics of carbon adsorption on stainless steel beads 

The adsorption of carbon particles on stainless steel beads from dispersion of carbon in 

2.5 wt. %P1 solution was determined following the procedure described in section 

7.2.1. The adsorption isotherm obtained is shown in figure 7.5. 

135 



Figure 7.5: Adsorption isotherm of carbon on stainless steel beads in 2.5 wt. % PI 

solution 

The adsorption of carbon particles on steel beads was also carried out in the presence 

of 2.5 wt. % of surfactant S3, on its own and in combination with 0.5 wt. % of either 

surfactant Si or S5. The isotherms are shown in figure 7.6. 

Figure 7.6: Adsorption isotherms of carbon on stainless steel beads in 2.5 wt. % S3 (0), 

2.5 wt. % S3 and 0.5 wt. % S1 (0, and 2.5 wt. % S3 and 0.5 wt. % S5 (0) solutions 
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All the adsorption measurements reported here were made after 25 minutes of letting 

the samples stand, so that most steel beads had sedimented. However, further 

experiments were carried out in order to investigate the effects of sedimentation on the 

adsorbed amount. Adsorption experiments were carried out in 2.5 wt. % S3 after 25 

min, 4.5 h and 30 h of allowing the samples to stand. The isotherms obtained are 

shown in figure 7.7. 
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Figure 7.7: Adsorption isotherms of carbon on stainless steel beads in 2.5 wt. % S3 

after 25 min (A), 4.5 h (0) and 30 h (O) standing 

The adsorption isotherm of carbon particles after more than 30 min of allowing the 

samples to stand are not strictly adsorption isotherms as the effect of sedimentation sets 

in and the "adsorbed" amount includes carbon particle agglomerates which have 

sedimented from the dispersion. 

7.3.2. Carbon deposition/removal studies using the flow cell 

7.3.2.1. Deposition of carbon particles 

All the deposition experiments were carried out on finely polished steel plates of area 1 

cm2 which have been prepared as described in section 2.7. An SEM micrograph of one 

such plate is shown in figure 7.8. 
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Figure 7.8: SEM micrograph of the stainless steel plate 

Flow cell studies were carried out to investigate the deposition of carbon particles on 

steel plates from 0.1 wt. % carbon dispersions in 2.5 wt. % P1 and 2.5 wt. % S3 

solutions in isooctane. The micrographs obtained are shown in figures 7.9 and 7.10. 

Figure 7.9: Deposition of carbon particles Figure 7.10: Deposition of carbon 

from 0.1 wt. % carbon dispersions in 2.5 particles from 0.1 wt. % carbon 

wt. % PI solution dispersions in 2.5 wt. % S3 solution 

Flow cell studies were also carried out to investigate the deposition of carbon particles 

on steel plates from 0.1 wt. % carbon dispersions in mixed solutions of the polymer 

and surfactants, namely 2.5 wt. % P1 and 1.0 wt. % of one of the surfactants in 

isooctane. The micrographs obtained are shown in figures 7.11 to 7.15. 
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Figure 7.11: Deposition of carbon Figure 7.12: Deposition of carbon 

particles from 0.1 wt. % carbon dispersed particles from 0.1 wt. % carbon dispersed 

in 2.5 wt. % PI and 1.0 wt. % Sl mixture in 2.5 W. % P1 and 1.0 wt. % S2 mixture 

solution solution 

Figure 7.13: Deposition of carbon Figure 7.14: Deposition of carbon 

particles from 0.1 W. % carbon dispersed particles from 0.1 wt. % carbon dispersed 

in 2.5 wt. % P1 and 1.0 wt. % S3 mixture in 2.5 wt. % PI and 1.0 wt. % S4 mixture 

solution solution 

Figure 7.15: Deposition of carbon particles from 0.1 wt. % carbon dispersed in 2.5 wt. 

PI and 1.0 wt. % S5 mixture solution 
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7.3.2.2. Removal of carbon particles 

Following the deposition experiments, removal experiments were also carried out. In 

these experiments, 0.1 wt. % dispersion of carbon particles in 2.5 wt. % P1 solution in 

isooctane was allowed to flow through the flow cell to effect the deposition of carbon 

particles on a steel plate. This was followed by the flow of isooctane to attempt to 

remove the deposited carbon particles. The procedure was repeated by flowing through 

2.5 wt. % polymer solution, and mixtures of 2.5 wt. % P1 and 1.0 wt. % of a surfactant. 

The micrographs obtained are shown in figures 7.16 to 7.20. 

Figure 7.16: Removal of carbon particles Figure 7.17: Removal of carbon particles 

by 2.5 wt. % PI solution 

Figure 7.18: Removal of carbon particles Figure 7.19: Removal of carbon particles 

by 2.5 wt. % P1 and 1.0 wt. % Si mixture by 2.5 wt. % P1 and 1.0 wt. % S3 mixture 

solution solution 
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Figure 7.20: Removal of carbon particles by 2.5 wt. % P1 and 1.0 wt. % S5 mixture 

solution 

Carbon particles were also deposited on a steel plate by evaporating two drops of 0.1 

wt. % carbon dispersion in 2.5 wt. % P1 solution in isooctane. The plate was left 

overnight to dry, and then placed in the flow cell. Isooctane was flowed through to 

attempt to remove the deposited particles. Similar removal experiments were also 

carried out with 1 wt. % polymer, and 1 wt. % surfactant solutions in isooctane. The 

micrographs obtained for these removal experiments are shown in figures 7.21 to 7.26. 
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Figure 7.21: Removal of carbon particles Figure 7.22: Removal of carbon particles 

by pure isooctane by 1.0 wt. % P1 solution 
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Figure 7.23: Removal of carbon particles Figure 7.24: Removal of carbon particles 

by 1.0 wt. % SI solution by 1.0 wt. % S3 solution 

Figure 7.25: Removal of carbon particles Figure 7.26: Removal of carbon particles 

by 1.0 wt. % S4 solution 
by 1.0 wt. % S5 solution 

Further experiments were carried out to attempt to remove carbon particles deposited 

from a 0.1 wt. % carbon dispersion in propan-l-ol. The SEM micrographs obtained for 

this removal study are shown in figures 7.27 to 7.33. 

Figure 7.27: Carbon deposited from Figure 7.28: Removal of carbon particles 

propan-l-ol dispersion by pure isooctane 
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Figure 7.29: Removal of carbon particles Figure 7.30: Removal of carbon particles 

by 1.0 wt. % Pl solution by 1.0 wt. % SI solution 

v ra 

Figure 7.31: Removal of carbon particles Figure 7.32: Removal of carbon particles 

by 1.0 wt. % S3 solution by 1.0 wt. % S4 solution 

Figure 7.33: Removal oj'carbon particles by 1.0 wt. % S5 solution 

7.3.2.3. Solvent effect on carbon particle deposition 

In order to investigate the effect of different solvents on the amount of carbon 

deposited, flow cell experiments were carried out using 0.1 wt. % carbon dispersions in 

2.5 wt. % PI solutions in toluene and o-xylene. The SEM micrographs corresponding 

to these experiments are shown in figures 7.34 and 7.35. 
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Figure 7.34: Deposition of carbon Figure 7.35: Deposition of carbon 

particles from 0.1 wt. % carbon dispersed particles from 0.1 wt. % carbon dispersed 

in 2.5 wt. % Pl solution in toluene in 2.5 wt. % Pl solution in o-xylene 

Experiments were also carried out using steel plates whose surfaces had been pre- 

coated with P1. This was achieved by immersing the plates in a 2.5 wt. % P1 solution. 

Figure 7.36: Deposition of carbon Figure 7.37: Deposition of carbon 

particles from 0.1 wt. % carbon dispersed particles from 0.1 wt. % carbon dispersed 

in 2.5 wt. % P1 solution in toluene using a in 2.5 wt. % P1 solution in o-xylene using 

pre-coated steel plate a pre-coated steel plate 
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7.3.3. Scion image analysis results 

The SEM micrographs obtained from the various deposition experiments carried out 

using P1, S3, and P1 and surfactant mixtures were analysed using the Scion image 

analysis software. The results obtained are shown in figure 7.38. 
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Figure 7.38: Percentage area covered by the deposited carbon particles as calculated 

using the Scion image analysis software. The species/mixtures used as the dispersant 

are indicated at the top of the corresponding bar. 

The SEM micrographs obtained from the various removal experiments carried out 

using P1, isooctane, and P1 and surfactant mixtures were also analysed using the Scion 

image analysis software. The results obtained are shown in figure 7.39. In the figure, 

bar 1 is that of percentage area covered on deposition from 0.1 wt. % carbon dispersion 

in 2.5 wt. % P1 solution. 
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Figure 7.39: Percentage area covered by the carbon particles after the removal 

experiments as calculated using the Scion image analysis software. The 

species/mixtures used as the cleaning agent are indicated at the top of the 

corresponding bar. 

The SEM micrographs obtained from the removal studies of carbon particles, deposited 

by the evaporation of two drops of 0.1 wt. % carbon dispersion in 2.5 wt. %P1 

solution, using individual polymer and surfactant solutions were also analysed using 

the Scion software. The results obtained are shown in figure 7.40. 
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Figure 7.40: Percentage area covered by the carbon particles after the removal 

experiments using individual polymer and surfactant solutions as calculated using the 

Scion image analysis software 
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7.4. Analysis and Discussion 

7.4.1. Adsorption of carbon particles on steel beads from dispersions in isooctane 

solutions 

It was observed that the carbon particles could only be successfully dispersed (to the 

eye) in isooctane using either the polymer (P1) or the S3 surfactant, both of which 

contain a terminal amine functionality. However, only the particles with adsorbed P1 

subsequently remained stable to aggregation for any significant length of time. During 

the adsorption experiments, the mixture of carbon dispersion in a polymer/surfactant 

solution and steel beads were tumbled together for 20 h. However, it was found that the 

adsorbed amount of carbon particles reached a limiting value within a few hours 

(fig. 7.4). The adsorption isotherms of the carbon particles on the stainless steel beads, 

from dispersions in isooctane containing P1 (fig. 7.5) and S3 (fig. 7.6) indicate that the 

adsorption of the carbon particles onto the steel beads appears to be much greater in the 

presence of the surfactant S3 compared to the polymer Pl. However, this simply 

reflects the observation, referred to above, that, although S3 adsorbs onto the carbon 

particles, it does not stabilise them sufficiently against aggregation. Hence, the carbon 

particles, in the presence of S3 (either alone, or in mixtures with Si or S5), are 

adsorbing onto the steel beads as aggregates. The fact that the isotherms obtained in 

fig. 7.6, are of a "reasonable" form (i. e. the data not too scattered), indicates that the 

aggregated carbon particle structures are seemingly reproducible. The highest initial 

concentration of carbon particles used in the adsorption studies was 1 wt. %. If all of 

those carbon particles were to adsorb onto the steel particles then the adsorbed amount 

would be between - 28 mg m2 (based on the B. E. T surface area for the steel balls), and 

75 mg m2 (based on the geometric area). The maximum observed adsorbed amount 

25 mg m=2) is less than either of these values, so some free (non-aggregated ?) 

carbon particles remain present in the dispersed phase, as is indeed observed. 
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Furthermore, if the adsorption isotherms were carried out after longer times of leaving 

the samples standing (fig. 7.7), the adsorbed amount increased. This can only be due to 

sedimentation for carbon particles because S3 cannot stabilise them for a significantly 

long period of time. If the carbon particles were not aggregated, and adsorbed as a 

hexagonally close-packed monolayer on the steel beads, then the maximum adsorbed 

amount would be 240 mg m -2 , assuming a carbon density of 2g cm 3. From figure 7.5, 

it can be seen that the maximum adsorbed amount of carbon particles, in the presence 

of P1, is considerably much lower than this, i. e. -6 mg m"2. 

It is also clear from fig. 7.6 that, as expected, the presence of Si or S5, together with 

S3, has very little effect on the adsorption of the carbon particles on the steel beads. 

In chapter 3 of this thesis, it was shown that polymer PI (but not the surfactants) may 

leach "Fe species" from the surface of steel particles, and hence "distort" adsorption 

measurements based on turbidity data. That is why isooctane, which had been 

previously exposed to the steel balls, was used in the reference cell in the turbidity 

measurements. There may, however, still be some doubt about the reliability of this 

particular adsorption result. Nevertheless, it is not clear why the adsorbed amount is 

apparently so low, particularly when compared to the large amount of carbon particles 

deposited on the surface of a steel plate, in the presence of P 1, to be discussed in the 

next section (see figure 7.9). Given the relatively high total surface area of steel beads 

used (compared to the steel plate), it could be speculated that there is little actual 

adsorption of P1 polymer on the surface of the steel beads, and that the P1-covered 

carbon particles are adsorbing, therefore, onto essentially bare steel surfaces, and this 

could be why their affinity for the beads is low. 
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7.4.2. Deposition of carbon particles on a steel plate from dispersions in isooctane 

solutions 

SEM micrographs of the deposition of carbon particles on a polished stainless steel 

plate from 0.1 wt. % dispersions of carbon particles in P1 solution (2.5 wt. %) show 

that the surface coverage of P1-coated carbon particles on the steel plate is relatively 

high as compared to deposition from carbon dispersion in S3 solution (2.5 wt. %). 

Moreover, it looks as if the carbon particles are aggregated. This is in stark contrast to 

the adsorption data reported in fig 7.5 for the adsorption of P 1-coated carbon particles 

on the steel beads. However, in the case of the plate, it is likely that the steel surface is 

covered in P1. The total surface area (of steel) available was much lower, and the 

initial concentration of P1 was somewhat higher, than in the case of the bead 

experiments. Moreover the steel plate was continuously exposed to fresh P1 solution 

flowing over its surface. Indeed, the amount of carbon deposited increased when the 

steel plate was deliberately pre-exposed to PI solution before commencing the flow 

experiment (fig. 7.36 and fig. 7.37). The reason for the high adsorbed amounts, and 

some carbon particle aggregation, on the steel surface, probably has to do with the fact 

that isooctane (and aliphatic hydrocarbons in general) are actually not that good 

solvents for PIB chains[5]. Also, changing the solvent to toluene or o-xylene (known 

good solvents for PIB and benzene is a0 solvent at 24.5 °C[6]) gave a much cleaner 

surface with minimum deposition as shown in figures 7.36 and 7.37. Thus, although 

the P1 chains adsorb on the carbon particles (through the terminal amine groups), and 

the particles indeed appear to be dispersed to the eye, nevertheless, there may be some 

limited, weak aggregation of the carbon particles in isooctane media, associated with 

less than totally effective interparticle steric repulsion. This could be due to an 

insufficiently thick adsorbed layer, or more likely in this case, due to some weak 

osmotic attraction between the PIB chains on approaching particles. Similar weak 
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aggregation has been confirmed by rheology and other experiments[7] carried out to 

study the stability of carbon particles in the presence of related functionalised PIB 

molecules in aliphatic hydrocarbon media. With the S3 molecules, on the other hand, 

the more extensive aggregation of the carbon particles, observed over time, is almost 

certainly due to there being too thin an adsorbed layer (essentially the C13 aliphatic 

chains) on the carbon particles. Aliphatic hydrocarbons are good solvents for the C13 

chains. The reason for the large adsorbed amounts of the PI-covered carbon particles 

on the PI-covered steel plates, is probably due also to the weak osmotic attraction 

between protruding PIB chains on each surface. (Recall that with the steel beads - 

section 7.4.1 - it is likely that the steel surfaces were largely devoid of adsorbed PIB). 

When the carbon particles are deposited from S3 solution in isooctane alone (figure 

7.10), then a much lower coverage is observed. Some aggregates appear to be present, 

but, as discussed earlier, the carbon particles were observed to aggregate slowly 

anyway in isooctane dispersions in the presence of S3. One has to ask why such a low 

coverage of carbon particles is obtained on the steel plates, compared to the steel beads 

(fig. 7.6)? It has been shown previously in chapter 3 that S3, and indeed all the other 

surfactants used in this study, adsorb strongly on steel surfaces. Also, it is known that 

S3 is indeed a good anti-deposition agent for preventing carbon deposition in engines. 

Unlike in the "quasi-static" experiments carried out with the steel beads, in the flow 

experiments any large aggregates of carbon particles would simply be "swept off' the 

surface of the steel plate. The removal force, for a given flow rate, is proportional to 

particle size. Thus, only singlets and relatively small aggregates remain on the steel 

surface after the flow experiment. 

In figure 7.13, the carbon particles deposited from a mixture of P1 and S3 seem to be 

slightly greater in number, but perhaps slightly less aggregated, than for S3 alone (fig. 

7.10). On the other hand, the deposited amount is less than for P1 alone (fig. 7.9). 
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Similar results are also obtained for some of the surfactants, especially Si (fig. 7.11) 

and S2 (fig. 7.12). Clearly the surfactants are preferentially adsorbed, compared to P1, 

on the steel plate surface, and this prevents any osmotic attraction between the carbon 

particles and the steel surface, as was suggested to occur in the presence of PI alone. 

However, the P1-coated carbon particles are somewhat more stable in bulk dispersion 

than the S3-coated particles. Hence, fewer aggregates are seen on the steel surface in 

the case of the P1+S3 mixture (fig. 7.13) compared to S3 alone (fig. 7.10). The same 

reasoning can also be applied to explain the lesser aggregation seen in the presence of 

the other surfactants (figures 7.11,7.12,7.14 and 7.15). The relative trend in the 

percentage area covered on deposition from various systems has been quantitatively 

obtained using the Scion image analysis software (fig. 7.38). This shows that the 

deposition is highest in the presence of the polymer and least in the presence of the S3. 

Also, deposition from a polymer and surfactant mixture system is relatively less than 

that of the polymer on its own. 

7.4.3. Removal of deposited carbon particles from the steel surface 

The stainless steel plate with carbon particles deposited from 2.5 wt % solution of P1 in 

isooctane (i. e. corresponding to fig. 7.9) was subsequently subjected to `removal' 

experiments, by passing the solvent or a solution, as appropriate, through the flow cell. 

In these experiments the steel plate was always covered with liquid, and never allowed 

to "dry". It was found that "washing" the steel surface with isooctane alone reduced the 

deposited amount of P1-coated carbon particles. Using the Scion software to analyse 

the total area occupied by adsorbed carbon particles, the reduction in the amount of 

carbon deposited was about 50 % (fig. 7.39). The effect of using a solution of P1 (at 

2.5 wt %) may be seen directly by comparing fig. 7.17 with fig. 7.9. Again, a 

significant amount of the deposited carbon seems to have been removed by this 

"washing" action. Using the Scion software, in this case, the reduction in the amount of 
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carbon deposited is about 58 %. It is probable that the removal of the particles in the 

above cases is mostly "mechanical" in origin. When P1+S1, Pl+S3, or Pl+S5, were 

used as the "washing" solutions, a greater decrease in the amount of deposited carbon 

was seen (figures 7.18,7.19 and 7.20 respectively). Using the image analysis software, 

the reductions in surface area occupied by the deposited carbon particles were now 73 

%, 71 % and 66 %, respectively. In the cases where Si, S3 or S5 is present, these 

surfactant molecules are probably displacing the more weakly adsorbed PI molecules 

from the steel surface, and this is another mechanism for removal of the deposited 

carbon particles. 

The effect of drying the deposited particles on the plate, prior to the removal stage, was 

also studied and these results can be seen in figures 7.21 to 7.26. It was not possible to 

obtain a picture of the dried particles on the plate because the polymer melted when 

bombarded by electrons in the SEM. Analyses of the SEM micrographs using the 

Scion software showed that S3 is the most effective removal agent as compared to the 

other surfactants studied (fig. 7.40). In a similar set of experiments, carbon particles 

were dispersed in propan-l-ol, without any polymer or surfactant. The particles seemed 

to be somewhat better dispersed in this more polar solvent than in isooctane alone. 

However, some aggregates were undoubtedly present. Two drops of this carbon 

dispersion in propan-l-ol were evaporated onto the surface of a steel plate and allowed 

to dry. It was noticed that, after evaporation, the carbon particles formed large, 

separated clusters on the steel surface as shown in fig. 7.27. The steel plate was placed 

in the flow cell and attempts were made to remove the carbon particles by flowing 

through isooctane, polymer solution, or a surfactant solution. It was not possible to 

remove the particles and large clusters of aggregated carbon particles remain on the 

steel surface as shown in figures 7.28 to 7.33. Clearly, it is important that the carbon 

particles are more-or-less well dispersed in the solvent, by the adsorption of the 
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functionalised PIB polymer chains, prior to their deposition on the steel surface. 

Otherwise, the polymer or surfactant molecules become ineffective as removal agents. 
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 

8.1. Conclusions 

8.1.1. Materials 

The functionalised polyisobutylene and the five different alkoxylate surfactants, all 

synthesised at Lubrizol UK, were used without further treatment. The BET surface area 

of the steel beads and the carbon particles were about 0.3 M2 g-1 and 210 m2g-1, 

respectively. Carbon particles showed a slight hysteresis in the adsorption-desorption 

isotherms of nitrogen gas indicating a porous surface. The steel beads were found to be 

around 7 µm in diameter while the carbon particles gave a diameter of around 214 nm. 

8.1.2. Adsorption isotherms of the polymer and surfactants 

The adsorption isotherms of the polymer and various surfactants on steel beads and 

carbon particles showed mostly type II and type III BET isotherms suggesting the 

formation of aggregates or multilayers at the solid/isooctane interfaces. Zhu-Gu model 

fit studies gave aggregation numbers in the range 2 to 6 for all the species except for S3 

on carbon which seemed to form a monolayer, in the concentration range studied. The 

polymer leached the steel surface of metal ions at high concentrations giving rise to 

negative values of the adsorbed amount and thus, no model fits could be carried out. 

The functionalised species namely, the polymer and S3 (an alkyl butoxylate chain with 

an ethylene amine head group) showed strong adsorption, even at very low 

concentrations. When polymer and surfactant mixtures were adsorbed on steel beads, a 

decrease in the adsorbed amount of the polymer was observed signifying that the 

surfactant either displaced the adsorbed polymer or solubilised the loosely bound 

polymer molecules into the solution. The molecules may be forming mixed aggregates 

in solution. However, one surfactant has no such effect on another surfactant. 
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8.1.3. Aggregation studies 

The model fit studies of the adsorption isotherms indicated the presence of aggregates 

at the solid/isooctane interface. Therefore, it was hypothesised that there would most 

likely be aggregates in solution too, existing in equilibrium to the adsorbed aggregates. 

Vapour pressure osmometry experiments were carried out using the polymer and all the 

surfactants. However, these gave no conclusive results or aggregation numbers. The 

aggregation in solution was then studied using Rhodamine B, a water soluble dye 

which can easily solubilise in the polar core of the reverse micelles. Its absorbance was 

monitored as a function of polymer concentration and this showed evidence of 

aggregation in solution. The polymer, with the most polar head group, formed 

aggregates in solution and the addition of a surfactant showed only a slight change. 

8.1.4. Atomic force microscopy studies 

Atomic force microscopy experiments were carried out using a carbon particle probe 

measured against a finely polished steel plate in the presence and absence of 

polymer/surfactant in isooctane. The distance of interaction increased almost linearly 

with increasing polymer concentration indicating a constant build up of molecules at 

the interfaces. Though surfactant S5 had twice the number of propoxylate units as 

compared to S4, the two showed no difference in the distance of interaction signifying 

that they laid flat at the interfaces. Experiments were also carried out using mixtures of 

the polymer and a propoxylate surfactant. It was noticed that the distance of interaction 

decreased with increasing surfactant concentration demonstrating a removal of 

adsorbed polymer layers or solubilisation of the loosely bound polymer molecules. A 

similar conclusion was also drawn from the adsorption isotherm experiments. 
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8.1.5. Ellipsometry studies 

Ellipsometry showed a very fast kinetics of adsorption of the polymer at the 

steel/isooctane interface. The polymer gave the thickest layer and the layer thickness 

increased continuously with increasing concentration. All the surfactants gave a very 

thin layer, verifying the conclusions drawn from the atomic force microscopy 

experiments that they lay in a flat conformation at the interface. Surfactant S3, with an 

ethylene amine head group, showed a slightly thicker layer than the rest of the 

surfactants and this was attributed to the added functionality. The addition of a 

surfactant to an adsorbed polymer layer generally gave rise to a slight increase in 

thickness initially which then decreased with time. Extra additions of the surfactant 

molecules did not change the thickness further. This suggested an interaction between 

the different species at the interface before attaining equilibrium. The adsorbed 

polymer molecules could also be easily diluted to give a thinner layer by adding the 

solvent indicating that the polymer molecules are held loosely at the interface. It was 

also found that the polymer adsorbed at the interface whether a surfactant layer 

occupied the surface or not. This further justifies the suggestion that the adsorption of 

the different species involved a synergistic interaction between the different molecules. 

8.1.6. Adsorption and deposition of carbon particles 

The adsorption of carbon particles on stainless steel beads, in the presence of the 

polymer and S3, the functionalised surfactant, showed that the adsorbed amounts were 

much higher in the case of the surfactant. The surfactant, though it adsorbs on the 

particles, does not stabilise the carbon particles against aggregation. Thus, the particles 

adsorbed as aggregates on the steel beads. Letting the samples stand for longer time led 

to an increase in the adsorbed amount indicating the effect of sedimentation of the large 

agglomerates. The polymer, on the other hand, dispersed the particles very well and 

little particle adsorption was observed. 
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A flow cell was built to study the deposition of carbon particles on stainless steel 

plates. The particles were deposited by flowing a dispersion of the particles in a 

polymer/surfactant solution and the plates were analysed by using a scanning electron 

microscope. In this case, larger depositions were observed in the presence of PI than 

S3. This was attributed to the fact that particles formed larger aggregates in the 

surfactant solution which could easily be swept off the steel surface by the flow of the 

solution. 

Extensive deposition and removal experiments were carried out using carbon particle 

dispersions in various combinations of the polymer and surfactants. The electron 

micrographs obtained were then analysed by using an image analysis software to obtain 

the percentage area covered by the particles. The general trend observed was that the 

particle deposition was reduced in the presence of the surfactants. The polymer and 

surfactant mixture solutions were also able to remove the particles more efficiently. 

Changing the solvent from isooctane to o-xylene or toluene in the deposition 

experiments gave a drastic reduction in the amount of carbon particles deposited. It was 

also found that the particle deposition increased if the steel plates were pre-coated with 

a polymer layer. Finally, it was also observed that the particles could not be removed 

from the surface if they did not have a layer of polymer around them before they were 

deposited. 

8.1.7. Summary 

This work has shown that the polymer is the species that provides a steric barrier 

between the carbonaceous particles, and against the steel surfaces. The presence of the 

polymer layer is quintessential for the "carrier fluids", or surfactants, and solvent to 

remove the particles. The surfactant molecules not only help in reducing the deposited 

amount but also play an active role during removal. They form mixed aggregates with 
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the polymer in solution and at the interface. This may help disperse the carbonaceous 

particles in solution easing their removal. 

8.2. Future work 

During the course of this study, a `hot box tumbler' was built to help facilitate the 

investigation of adsorption isotherms at higher temperatures. Unfortunately, the work 

could not be carried out comprehensively due to the low surface areas of the steel 

beads and the small volumes involved. The volatile nature of the solvent also made it 

difficult to go up to higher temperatures. Carrying out the experiments in a high boiling 

point solvent such as hexadecane and using carbon particles as the adsorbent can 

overcome this and form the core of future studies. 

Similarly, a high-temperature and high-pressure flow cell can also be built to emulate 

the conditions found inside an internal combustion engine. Further work also can be 

carried out with the flow cell by using solvents like o-toluene or xylene. 

The interactions between the polymer and the surfactant in solution also can be 

investigated more by using other techniques like neutron scattering and nuclear 

magnetic resonance. 

The role played by the polymer and surfactants in charging the carbon particles and the 

possibility of electrostatic contributions in particle stabilisation also need further 

investigation. This can be carried out by using techniques like phase-analysis light 

scattering and electroacoustic measurements. 

The exact role of the polymer head group and the polyisobutylene tail in the adsorption 

and stabilisation of the carbon particles can also be studied by synthesising polymers 

with varying head groups and tail units. 

Further ellipsometry experiments can also be carried out to study the adsorption and 

interactions between the different species on a carbon surface. Improvements in the 
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technique may also help in measuring the orientation of the adsorbed molecules at the 

solid/liquid interface. 
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