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Aims and Objectives 

Aims and Objectives 

This investigation will study the synthesis and characterisation of a range of 

mesoporous MCM-41 materials of different but uniform pore size dimensions and their 

ability to separate various detergent additives, which include neutral calcium sulphonate 

and phenate, and overbased calcium sulphonate and phenate where the neutral 

component is expected to be small enough to enter and adsorb within the pores of the 

material but the overbased micelle would be excluded from entering. The mesoporous 

materials is to be achieved by hydrothermal procedures developed by the Stucky group 

who have successfully synthesised materials with pore diameters in the range of 4 to 10 

nm. The characterisation of the calcined materials will be by X-ray powder diffraction 

and nitrogen surface area studies including BET surface area and pore size distribution. 

The detergent samples were provided by Castrol International as oil solubilised 

additives, the base oil is removed by Soxhlet extraction. The extracted detergent 

samples will be characterised by infrared analysis, solubility studies and the 

hydrodynamic radius of the overbased detergents determined by dynamic light 

scattering studies. It is suspected that the neutral detergents are exchanging with the 

neutral component of the overbased micelle and determination of such a process will be 

carried out by radio labelling a sample of neutral sulphonate and equilibrating with a 

sample of overbased sulphonate. The ability of the synthesised mesoporous materials to 

adsorb the Soxhlet extracted detergents will be investigated by sorption uptake 

experiments to determine the maximum amount of detergent that may be adsorbed by a 

particular material and compared of the uptake to traditional silica gel materials. The 

sorption uptake of the detergents are then compared to the retention of detergents on 

columns containing the mesoporous materials to evaluate the optimum column packing 

material and the amount of column packing material required for a particular detergent 

separation. Fundamental studies on the heats of adsorption of various detergent 

analogies will be studied by a gas chromatographic technique in order to evaluate the 

strength of attraction between the detergent molecules and the silicate materials. In a 

final examination of the separation abilities of the mesoporous materials, fully 

formulated oils may be applied to packed columns. The reproducibility of a column for 

the retention or separation of a detergent sample is vital in producing a valid analytical 
technique and it is for this reason that these experiments are performed many times. 
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Abstract 

Abstract 

An area of industry that exploits zeolites for separation purposes is that of the 

petroleum industry where zeolites are used in catalytic conversions as well as 

chromatographic separations of hydrocarbons. The development of large pore sized 

materials such as MCM-41 enables larger molecules to be separated by the process of 

size exclusion than by traditional zeolites. In this work, mesoporous materials were 

synthesised and characterised using powder x-ray diffraction and nitrogen surface 

studies and shown to have different pore sizes in the region of 2 nm to 6 nm. They 

were then compared to traditional size exclusion gels and zeolites for their ability to 

sorb overbased and neutral sulphonate and phenate detergents, which were Soxhlet 

extracted from base oil, characterised by infrared spectroscopy and the results used to 

predict possible separations of binary detergent mixtures. The sorption properties of 

the mesoporous and silica gel materials were determined as follows: - (i) batch slurry 

sorption uptake to determine the maximum amount of detergent adsorbed within the 

pores of the material which showed an uptake of neutral sulphonate in the range of 

0.12 to 0.37 g/g of mesoporous material and neutral phenate in the range of 0.11 to 

0.30 g/g of mesoporous material with the uptake apparently increasing with pore 
diameter and aluminium content. Only surface adsorption occurred on the silica gel 

materials in the range of 0.3 to 0.6 gig of silica gel. (ii) The materials were prepared 

as liquid chromatography columns which showed that the neutral detergents were 

retained by the mesoporous materials and not the silica gels whereas the overbased 
detergents were not retained within the pores of either type of material. (iii) Using the 

mesoporous materials as the packing in gas chromatography columns to determine the 
heats of adsorption of molecules which were constituents of the detergent molecules 
investigated. It was found that the heat of adsorption of alkyl chains were twice as 
large for the MCM than for the silica gel materials for example, dodecane with a heat 

of adsorption in the range of 101 to 111 KJ/mol on the mesoporous materials and in 

the range of 44 to 47 KJ/mol on the silica gel materials. The data also showed that 

very polar compounds such as phenol were completely retained by the columns 
suggesting strong interaction with the silicate material. The sorption data was then 

applied to the column separation of a series of overbased and neutral detergent 

mixtures where it was found that the neutral detergents entered and adsorbed in the 
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Abstract 

mesoporous materials whereas the overbased sulphonate was completely excluded 
from all the mesoporous materials and the overbased phenate adsorbed on the external 

surfaces of the 4 nm and 6 nm materials. The mesoporous materials were therefore 

able to separate the detergent mixtures whereas the silica gel materials failed to 

separate any of the detergent mixtures. The detergents were characterised primarily 
by infrared spectroscopy and the equilibrium established between the neutral 
detergent monomer and the overbased micelle was investigated by radiochemical 
labelling of the neutral sulphonate and measured using liquid scintillation techniques. 

The results of the equilibrium studies using radioactive neutral sulphonate suggested 

that exchange had occurred. The sorption uptake of radioactive neutral sulphonate 

determined using the liquid scintillation technique was found to be in agreement with 

the uptake value determined by infrared spectroscopy of 0.21grams per gram of 

material. 
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Introduction Principles and Theory 

1.0 Introduction 

The use of silica based mesoporous zeotype materials for catalytic (1"3), ion exchange 
(4-6) and sorption (6"9) applications have become an area of growing importance in 

industry. The development of these uniform pore materials with high internal surface 

areas has allowed novel separations of larger molecules than those separated by 

traditional microporous zeolites. An area of industry that exploits such technology 

has traditionally been the petroleum industry where zeolites are used for drying, 

purification, catalysis and separation of petroleum products. (10-31) Zeolites have a high 

affinity to sorb small molecules such as gases, water, methanol and other small polar 

molecules and to exclude high molecular mass molecules. This ability enables the 

drying of hydrocarbon solvents such as benzene, (32) and the purification of 

compounds and isomers such as o-xylene and m-xylene. (33) An important use of 

zeolites is their catalytic properties. Petroleum companies have used ZSM-5 to 

convert methanol into gasoline. The conversion of methanol to gasoline products over 

ZSM-5 was first investigated by Chang and Silvestry at the Mobil Corporation. (34) 

They discovered that the methanol-to-gasoline (MTG) reaction first produces 

dimethyl ether which is then converted to light olefins, and these are finally converted 

to paraffin and aromatic compounds. The reaction path of zeolite-catalyzed 
hydrocarbon formation from methanol may be viewed essentially as having three key 

steps: ether formation, initial C-C bond formation, and aromatization with H-transfer. 

Selective zeolitic catalysis arises from their ability to sorb only molecules small 

enough to enter or diffuse out of their pores or in their ability to accommodate only 

those transition state intermediates which can fit into the pore channels or 
intersections. The use of zeolites for separation arises in the form of quality control 

and the need for high quality fuel. Straight chain hydrocarbons but not branched 

chain and large molecular weight hydrocarbons enter into the pores of traditional 

zeolites in order for a fuel to be purified. This size exclusion process increases the 

combustion properties of a fuel sufficiently by production of higher quality octane 

which would give a cleaner burning fuel than that contaminated with other 
hydrocarbons that bum with a less complete combustion. The result would be a 

cleaner combustion chamber which would increase the engine longevity. 
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The research in the area of molecular sieves is intense and recently resulted in the 

production of a very important type of molecular sieve containing mesopores known 

as the M41S series. (35-36) These materials have large pore diameters of 2 nm and 

above, and consist of long channels which allow sorption of larger molecules than 

those sorbed by the traditional zeolites with pore diameters of up to 0.8 nm 

1.1 Mesoporous Materials 

A mesoporous material is defined as a material having a pore diameter of between 2 

and 50 nm. (1 nm =1x 10 "9 m) (37) The Mobil Corporation released patents in 

1991 (38-39) demonstrating the synthesis of a material which had hexagonal uniform 

mesopores with a diameter of 4 nm and this material became known as MCM-41. The 

M41S family was a result of research into surfactant technology as useful templates in 

forming materials with pores of 1.5 to 10 nm. The production of cubic structures 
(MCM-48) and lamellar structures (MCM-50) result in the M41S family of materials 

useful for their long range order in the pore arrangement and the high internal surface 

areas. 

1.2 Mesoporous Material Formations 

Since the release of the original synthesis patent, many papers involving variations to 

the synthesis method have appeared. (40'50) Research into the synthesis of mesoporous 

materials has produced many synthesis methods which involve different synthesis 

conditions such as surfactant/silica molar ratios, (47) the effect of different solvents (48) 

and the use of different surfactants. (43) Procedures for the synthesis of mesoporous 

materials with increased pore sizes have appeared with diameters of up to 30 nm. (50) 

The methods used for the synthesis of mesoporous materials follow a general trend. 
A surfactant is used as a template for a silica shell to form around. The material is 

heated in a hydrothermal reaction at around 100 °C for a period of time. The 

surfactant is then either removed by solvent or burnt out in a process called 

calcination. The most recent developments in mesoporous material synthesis have 

produced materials synthesised in a microwave (51'55) which enables rapid synthesis of 
the material over a period of hours opposed to traditional hydrothermal methods that 
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require weeks. Room temperature synthesis methods have also been developed which 
require minutes to synthesise. (56-58) 

Although not completely elucidated, the method of MCM-41 synthesis was believed 

to derive from a liquid crystal initiated method. This method involves the coagulation 

of organic surfactant species at a certain concentration, known as the critical micellar 

concentration, (CMC) to give a micelle of surfactant. Further increase in surfactant 

concentration leads to different micellar structures, including rod, hexagonal and 
lamellar arrays, (59) which act as templates for the production of silicate materials 

(Figure 1.1). 

The results obtained for the X-ray diffraction patterns of the mesoporous materials are 

similar to those obtained for the surfactant/water liquid crystals or micellar phases. (60- 

61) It was therefore proposed that the material formed was by a liquid crystal 

templating method (39) (LCT) which suggests the formation of hexagonal arrays of 

micelles, which act as templates for an inorganic building block. This long-range 

order is characteristic of the MCM materials (Figure 1.1 (1)). 
2 

Surfactant \ Micellar Hexagonal / Silicate 
Aggregation \ Rod Array 

2 

Calcination 
-0. 

MCM-41 

Figure 1.1 - The possible formation of MCM-41 showing 1) liquid crystal initiated and (2) silicate 

anion initiated. (18) 

It was soon realised that the LCT method was insufficient to fully explain the 

synthesis procedure. A second method was proposed called the silicate anion method 
(Figure 1.1 (2)) which proposed the direct formation of hexagonal structures via 

randomly ordered rod like micelles that interact with silicate species to produce a 

silica wall around the micelle external surfaces. Condensation reactions then produce 
the hexagonal order in the system with further condensation resulting in the 

mesoporous materials. The silicate anion method was confirmed by 14N NMR studies 
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on the surfactant during the synthesis procedure. (62) The NMR studies showed that 

the liquid crystalline phase was not present in the synthesis of the mesoporous 

material. It was thought therefore that randomly ordered rod like organic micelles 
interact with silicate species to yield two or three monolayer of silica around the 

external surface of the micelles and it is these composite species that spontaneously 
form the long range order characteristic of MCM-41. The result was a silicate wall 

with a pore radius approximately equal to the length of a surfactant molecule. 
The mechanism is demonstrated in Figure 1.2. 
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Figure 1.2 - The proposed formation of MCM materials showing silicon (") oxygen (") and hydrogen 

atoms (. ) 

1.3 Silanol Groups 

The formation of silicate structures such as MCM-41 results in structure faults where 
the silicon oxygen silicon bond failed to form. This produces a hydroxyl site called a 

silanol group. Such groups are present on the surface of the material and the pores 

which gives a slightly acidic nature to the structure. (63-69) The unreacted surface 

silanol groups are called terminal hydroxyls and are termed as primary, secondary, 
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tertiary or quaternary depending on the amount of hydroxyl groups associated with a 

silicon atom. (70) The common forms exist as secondary or quaternary where two or 
four hydroxyl groups have not reacted in the synthesis procedure to form a silicon 
oxygen bond. Quaternary silanol groups due to missing silicon or removal of silicon 
by condensation reactions are called hydroxyl nests. (Figure 1.3b) 

" 

"" ""j 
ý" 

ii 

aSb 

Figure 1.3 - Two of the possible structure faults in a mesoporous material framework of silicon (") 

oxygen (. ) and hydrogen (. ) showing a) a secondary silanol pair and b) a quaternary hydroxyl nest. 

The silanol groups are present both before and after template removal as investigated 

by several techniques including 29Si NMR, TGA and infrared studies. (71 - 81) In the 
29Si NMR study of surface silanol groups, the hydroxyl groups are reacted with 
trimethylchlorosilane or equivalent to remove the hydroxyl group and are replaced 

with a trimethylchlorosilane group and the exclusion of HCI. (Equation 1.1) 

(Me)3SiC1 + )Si-OH p (Me)3 Si 0- Si E+ HCI 
Equation 1.1 

The chemical shift of the resulting structural 29Si NMR shows a significant chemical 

shift depending on the original silanol group present. (Figure 1.4) 
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Figure 1.4 - The 29Si NMR analysis of the silinated hydroxyl groups showing silicon (") oxygen (") 

carbon (. ) and hydrogen. (. ) 
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The silanol groups are important as they can enhance the adsorption of polar species 
to the surface of the mesoporous material. The hydroxyl groups can promote 
hydrogen bonding and has been investigated (67) by the adsorption of various polar 

and non polar molecules including pyridine, water, n-hexane and cyclohexane. The 

surface was silinated using trimethylsilane (Equation 1.1) which replaces up to 79% 

of the silanol groups on the pore surface changing the nature of the surface by 

reducing the size of the mesopore, destroying the acidic centre and increasing the 

hydrophobicity of the surface. Adsorption of the previously stated molecules after 

silination showed a reduction in the amount of polar molecules adsorbing to the 

material and increases the amount of non polar molecules adsorbing. 

1.4 Synthesis Factors Resulting in the Variation of Pore Size 

The size of the pores formed on synthesis depends on certain factors, such as solvent, 

pH, (82-85) temperature or pressure (86.87) and production time. However the most 

significant feature is the length of surfactant chain of the template. The use of 

alkyltrimethylammonium surfactants with carbon chain lengths of C= 20 produce 

mesopores centred on a4 nm diameter. (49) The addition of certain co-solvents such 

as mesitylene (1,3,5 -trimethylbenzene) is an effective way of increasing the pore size 

above 5 nm by swelling the template micelle, (49) the hydrophobic solvation 
interactions of the aromatic molecules playing the key role in expanding the size of 

the micelle. The use of alkanes of different chain lengths mixed with the surfactant 

solution has shown increased pore sizes by similar means to that of TMB. 

Aggregation of the hydrophobic alkane in the aqueous solution allows the 

hydrophobic tail of the surfactant to aggregate around the alkane micelle exposing the 

hydrophilic surfactant head group. Micelle aggregation is illustrated in Figure 1.5 
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Figure 1.5 -A schematic of the various micelle formations used in MCM templating showing a) a 

normal surfactant aggregate b) a swollen surfactant by aggregation around an alkane aggregate and c) a 

swollen surfactant aggregate surrounding trimethylbenzene (TMB) 

The type of surfactant used can dramatically change the pore size obtained. The 

synthesis of mesoporous materials by surfactants that have a double charged head 

group known as divalent surfactants, favour globular micellar aggregates which act as 

good synthesis templates. Many different surfactants have been tried. Surfactants 

such as alkyltrimethylammonium, gemini ammonium, divalent surfactant, hydroxyl- 

functional ammonium, benzalkonium and organosilane are examples (49) of template 

surfactants and the structures are shown in Figure 1.6. Normally all the positively 

charged surfactants are counterbalanced by a halide. Generally, the larger the chain 
length of the surfactant, the bigger the pore size obtained. The length of the chain 

used as a template cannot be increased indefinitely to produce larger and larger pores 
due to the surfactant behaviour in solution. Large chains prefer to aggregate in 

lamellar formation resulting in MCM 50 opposed to MCM 41. The properties of the 

chosen surfactant require study before proceeding with a synthesis. 

WoM. 
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Figure 1.6 - The surfactants used for templates in MCM formation are a) Alkyltrimethylammonium b) 

Gemini Ammonium c) Divalent Surfactant d) Hydroxy-functional Ammonium e) Benzalkonium and f) 

Organosilane. (49) 

1.5 Template Behaviour 

Amphiphilic molecules are those composed of two separate parts such as a non polar 

alkane chain with a polar head group and are known as Surfactants (Surface active 

agents). Surfactant molecules have the ability to coagulate uniformly in solution 

which is known as micellisation. (88'89) This aggregation process depends both on the 

amphiphilic species involved and the type of system in which they are dissolved. The 

concentration of amphiphilic species is a major factor in determining the formation of 

uniform micelles. Micellar aggregation occurs at a specific surfactant concentration 
dependent on the surrounding environmental conditions, known as the critical 

micellar concentration (CMC). In aqueous solutions below the CMC, the 

amphiphilic species exists as a molecular solution, an increase in the concentration of 

amphiphilic species above the CMC results in the formation of ordered molecules in a 

spherical state which gives the greatest thermodynamic stability and is known as a 

micelle. In aqueous media, the micelle aggregates with a hydrophobic alkyl chain 
forming the centre of the micelle and a hydrophilic outer shell which consists of the 
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polar head groups of the amphiphilic species. The opposite occurs in non aqueous 

media such as base oil where the surfactant chain forms the outer layer of the micelle. 
It is this property which defines surfactant as a surface-active agent; that property 

which reduces the interfacial tension of a liquid. (90) In aqueous solutions, increasing 

the concentration of surfactant species changes the structure of the micelles formed, 

as shown in Figure 1.7. Micelles represent dynamic association-dissociation 

equilibria with the monomer species in solution. 

Spherical Cylindrical Hexagonal Lamellar 

111111 
I 
I 

Increasing Surfactant Concentration 

Figure 1.7 - The micellar behaviour of surfactant aggregation. 

111111 

The classical and contemporary molecular description of surfactant organisation in 

amphiphilic liquid-crystal arrays is described in terms of the local effective surfactant 

packing parameter, (91) 

V 

I 11111 
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'11 L_; -_. 'il lý _/ i""Iaf 

111111 

a. 1 

Equation 1.2 

where g is the local effective surfactant packing perimeter adopted by the 

aggregating chains in the phase, V is the total volume of the surfactant chains and any 

co-solvent organic molecules between the chains, ao is the effective head group area 

at the micelle surface and 1 is the kinetic surfactant tail length or the curvature elastic 

energy. (49) The molecular surfactant packing parameter is used to explain and 

predict product structure and phase transition. In classical micelle chemistry, as the 

value of g is increased above critical micelle concentrations, mesophase transitions 

occur. The expected mesophase sequence as a function of the packing parameter is 

shown in Table 1.1. 
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g Mesophase 

1 Cubic (Pm3m) 
3 

1 Hexagonal 
2 

12 Cubic (Ia3d) 
23 

1 Lamellar 

Table 1.1 - The expected mesophase sequence as a function of the packing parameter. 

These transitions reflect a decrease in surface curvature from cubic through hexagonal 

and lamellar. For surfactants to associate in a spherical structure, the surface area 

occupied by the polar head group of the surfactant should be large. If on the other 
hand the head groups are permitted to pack tightly, the thermodynamic stability in a 

micelle is reduced, due to increased head group repulsion of the surfactant and a new 

equilibrium is required to stabilise the aggregation. This is achieved by the formation 

of a cylindrical or lamellar arrangement where interactions are less. (Figure 1.7) 

Among the wide variety of structures that can be observed in surfactant or lipid 

containing lyotropic systems, hexagonal and lamellar phases are the two most 

common mesophases. 
New applications of mesoporous materials and the syntheses of new mesostructured 

materials require a thorough understanding of the mechanism of formation of the 

micellar phases. Therefore, an investigation of structure directing effects of 

surfactants in mesoporous material syntheses is important from both the theoretical 

and practical points of view 

1.6 Mesoporous Material Characterisation 

Mesoporous materials are characterised by X-ray Powder Diffraction (XRPD) to 
determine the interlayer spacing of pore and pore wall. The uptake of gases such as 

nitrogen can be used to determine pore volume and surface area, whilst magic angle 

spinning NMR can determine silicon and aluminium ordering and content. (91-95) 
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1.6.1 X-ray Diffraction 

X-ray diffraction was first performed in 1912 by von Laue (%) and it has become a 

very important characterisation technique of crystalline materials. It now seems 

standard practice to obtain an x-ray diffraction pattern of a mesoporous material 
because the data obtained gives an indication of the pore size including a pore wall. 

The mesoporous materials are analysed as powders which give less detail about the 

structure than single crystals. (97) At specific angles, x-rays are diffracted by 

crystalline solids dependant on the structure of the atomic planes. (Figure 1.8) The 

diffraction phenomena lead to the Bragg equation 

nk = 2dsin9 

Equation 1.3 
Where n is the order of reflection, X is the wavelength of the x-rays used, d is the 

distance between atomic planes and sin6 is the angle at which the x-rays have 

interacted with the solid. The diagram of Figure 1.8 shows a schematic of the Bragg 

principle. The horizontal lines represent the planes in the crystal separated by the 

distance d. The plane ABC is perpendicular to the incident x-ray beam and the plane 

LMN is perpendicular to the reflected x-ray beam. As the angle of incidence 0 is 

changed, a reflection will be obtained only when the waves are in phase at plane 

LMN. 

A 

Figure 1.8 - The schematic interpretation of the Bragg equation. 

The atoms of a crystal are located by their electron density as x-rays are scattered by 

electrons and not nuclei. 
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1.6.2 X-ray Powder Diffraction 

Powder X-ray Diffraction (XRPD) is perhaps the most widely used x-ray diffraction 

technique for characterizing mesoporous materials. As the name suggests, the sample 
is usually in a powdery form, consisting of fine grains of single crystalline material. 
The term powder really means that the crystalline domains are randomly oriented in 

the sample. Therefore when the 2-D diffraction pattern is recorded, it shows 

concentric rings of scattering peaks corresponding to the various d spacing in the 

crystal lattice. The positions and the intensities of the peaks are used for identifying 

the underlying structure (or phase) of the material. In X-ray powder diffractometry, 

X-rays are generated within a sealed tube that is under vacuum. A current is applied 

that heats a filament within the tube; the higher the current the greater the number of 

electrons emitted from the filament. A high voltage, typically 15-60 kilovolts, is 

applied which accelerates the electrons, which then hit a target, commonly made of 

copper. When these electrons hit the target, X-rays are produced. The wavelength of 

these X-rays is characteristic of that target. The X-rays are collimated and directed 

onto the sample, which has been ground to a fine powder (typically to produce 

particle sizes of less than 10 microns). A detector detects the X-ray signal; which is 

then processed either by a microprocessor or electronically, converting the signal to a 

count rate. Changing the angle between the X-ray source, the sample, and the detector 

at a controlled rate allows all crystal orientations to be accounted for. (Figure 1.9) 

Figure 1.9 - Simplified sketch of one possible configuration of the X-ray source (X-ray tube), the X-ray 

detector, and the sample during an X-ray scan. In this configuration, the X-ray tube and the detector 

both move through the angle theta (0), and the sample remains stationary. 
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A powder XRD scan from a mesoporous material sample is shown in Figure 1.10 as a 

plot of scattering intensity (%) and counts per second vs. the scattering angle 29 and 
the corresponding d-spacing in A. (1 A=1x 10"10 m ). The peaks correspond to the 

d=100, d=110 and d=200 crystal planes corresponding to a hexagonal structure with 

symmetry Pb for the reflection planes (hkO). The d(100) spacing of the electron 
diffraction patterns is the distance between adjacent spots on the HKO projection of 

the hexagonal lattice and is related to the repeat distance ao through the formula 

dloo = ao 
F3 

2 
Equation 1.4 

d Spacing (A) 
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Figure 1.10 -A XRD pattern of MCM-41 showing the d ))N), d )(), d2iH) and d21() planes of reflection. A 

small peak at 5.5 nm (55 A) represents octadecyltrimethylammonium bromide crystal morphology due 

to an incomplete calcination of the template. 

1.6.3 Magic Angle Spinning Nuclear Magnetic Resonance Spectroscopy 

Nuclear Magnetic Resonance Spectroscopy is based upon the measurement of 

absorption of electromagnetic radiation in the radio frequency region of 

approximately 4- 800 MHz and in contrast to infrared or ultraviolet spectroscopy; 
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nuclei of atoms are involved in the absorption process. Furthermore in order to cause 

nuclei to develop the energy states required for absorption to occur it is necessary to 

place the sample in an intense magnetic field. The first proposal of the theoretical 
basis of NMR spectroscopy was put forward by W Pauli in 1924. It was suggested 
that certain atomic nuclei should have the properties of spin and magnetic moment 

and that as a consequence, exposure to a magnetic field would lead to splitting of their 

energy levels. Validation of this theory was confirmed in 1946 when Bloch and 
Stanford were able to demonstrate that nuclei absorb electromagnetic radiation in a 

strong magnetic field as a consequence of the energy level splitting induced by the 

magnetic field. The first NMR spectrometer was produced in 1953 by Varian 

associates. The use of the NMR technique towards solids such as zeolites and 

mesoporous materials was limited as various anisotropic interactions led to a 
broadening of the NMR signal leading to indistinguishable peaks. A method 
developed to overcome these signal problems was magic angle spinning nuclear 

magnetic resonance spectroscopy (MAS NMR). It was found that all the anisotropic 

effects contained a common term shown in Equation 1.5 

(3 COS26 -1) 
Equation 1.5 

when COS 0= (1/3)1/2 or 0= 54°. 44', this term becomes zero. A solid sample that is 

rotated at the angle of 54°. 44' to the applied magnetic field magically eliminates the 
broadening associated with conventional NMR solid experiments, hence magic angle 

spinning. 
The first aluminium (27A1) study of zeolites was carried out on zeolites Na-A and Na- 

Y by Freude and Behrens in the 1970's. 29Silicon provides a good sample for study as 
it has a nuclear spin of I= 'h (98) and therefore the spectra show no quadrupole 
broadening or asymmetry. Silicon studies were performed in the late 70's by 

Lippmaa and Englehardt who showed that five peaks could be observed in the 29Si 

spectra of various zeolites corresponding to five different tetrahedral silicon 

environments. Figure 1.11 shows a sample of Analcite (Nat6 {AI16Si32O%}. 16 H2O) 

that contains all five tetrahedral environments. 
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Figure 1.11 - The 29Silicon NMR spectrum of Analcite which contains the five silicon/aluminium 

environments coordinated to a tetrahedral silicon structure. (10) 

It was elucidated that each central silicon atom was coordinated to an oxygen atom 

and each oxygen atom was then coordinated to either a silicon or aluminium atom. 

The effects of additional aluminium in a framework can clearly be seen in a 29Si NMR 

spectrum. The increased amount of aluminium in the framework results in peaks 

appearing at separate environments as shown in Figure 1.12. 
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Figure 1.12 - The peak correlations and environments of silicon and aluminium of different ratios. (U) 

15 



Introduction Principles and Theory 

It is possible to calculate the silicon to aluminium ratios of the framework by using 
Equation 1.6 where n is the number of local aluminium atoms and I is the intensity of 
the NMR signal of the Si(nAl) unit. 

4 

(Si /Al)NMR - 

ISi(nAl) 
�_ 

n4 
ISi(nAl) 

Equation 1.6 

27Aluminium studies can also be used to calculate the silicon to aluminium ratios of 

the tetrahedral framework assuming that all the silicon atoms are part of the 

framework and that the bulk silicon and aluminium ratio is already known. 

1.6.4 Surface Analysis by Nitrogen Studies 

Adsorption occurs when a clean solid surface is brought into contact with a gas or 
liquid. The ability to adsorb molecules is a property that has been extensively utilised 
in characterising mesoporous materials. Substantial information can be obtained from 

the examination of a number of adsorption processes on zeolites and mesoporous 

materials including structural information from pore gauging and energetics of 

adsorption from a determination of heats of sorption. (99) Pore sizes of mesoporous 

materials are regularly obtained using nitrogen adsorption where the volume of 

nitrogen sorbed in the pores is measured. Mesoporous materials have a high internal 

surface area, (100) but are generally lower than zeolites which contain micropores and 

therefore have more surfaces for molecules to adsorb. Mesoporous materials also 

contain micropores of 0.5 nm (100) which increase the total surface area as the 

mesoporous surface and microporous surface is saturated with nitrogen. Adsorption 

is classified in two ways, physisorption and chemisorption. Physisorption is 

spontaneous and relatively weak. It involves interactions of a physical nature that 

corresponds to Van der Waals forces. In chemisorption, the adsorbed molecules are 
held to the surface by covalent forces of the same type as those occurring between 

molecules and atoms. Physisorption occurs first, as it requires no activation energy, 
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the intact molecule being held loosely to the surface by dispersion forces. The slower 

process of chemisorption, which requires higher activation energy, then occurs. 
Most procedures depend on the evaluation of the total amount of molecules required 
to completely adsorb as a monolayer on a surface. This was developed by Langmuir 

who using kinetic theory considered a surface with a specific number of adsorption 

sites that are identical and can each adsorb one molecule, hence giving a monolayer of 

molecules. The study of the adsorption and desorption of molecules from a surface 

gives rise to predicted graphical trends called physisorption isotherms. There are five 

types of isotherm. A Type I isotherm was predicted by Langmuir who demonstrated 

that the gradual filling of a void reached a point of saturation. The type I isotherm are 

characteristic of activated carbons and zeolite molecular sieves. The Langmuir 

equation for the determination of surface coverage is given as 

Kp 
e= 1+Kp 

Equation 1.7 
Where 8 is the fraction of surface covered, p is the equilibrium pressure and K the 

adsorption and desorption rate constants for the dynamic equilibrium between 

molecule and surface. 
Type II isotherms are characteristic of non-porous solids. Type III isotherms are a 

result of materials with strong adsorption abilities and the isotherms relate to many 

layers of molecules built up on the original monolayer. Type IV isotherms are the 

most important type of isotherms with regard to mesoporous materials. The 

adsorption of molecules in a mesoporous material follows the Type I isotherm as a 

monolayer is built up on both the external and internal surfaces. Due to the large pore 

size of mesoporous materials, the pore begins to fill and saturate as more molecules 

are introduced to the system until the material is saturated and the Type IV isotherm 

becomes apparent. The desorption isotherm does not completely follow the trend of 

the adsorption isotherm as the void does not initially release the adsorbed molecules. 

After a period of time, there is a rapid desorption of molecules until the original state 
is reached. The five types of isotherms are shown diagrammatically in Figure 1.13. 

Isotherms that exceed a single monolayer, the Langmuir equation (Equation 1.7) no 

longer holds true and the Brunauer-Emmett-Teller (BET) equation is used. (Equation 

1.8) 
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Brunauer-Emmett-Teller refers to multi layer adsorption which occurs at higher 

pressures where the molecules are forced together. The theory of the Brunauer- 
Emmett-Teller equation assumes that: 

" Adsorption of the first adsorbate layer is assumed to take place on an array of 

surface sites of uniform energy 

" Second layer adsorption can only take place on top of the first, third on top of 
the second and so on. When P= P° (the saturated vapour pressure of the 

adsorbate), an infinite number of layers will form 

" At equilibrium, the rates of condensation and evaporation are the same for 

each individual layer. 

" When the number of adsorbed layers is greater than or equal to two, the 

thermodynamic equilibrium constants, K° are equal and the corresponding 

value of &H;;,, =- MH; ,, 
(where DH;;,, is the enthalpy of adsorption and 

AH, ý, ün is the enthalpy of vaporisation. ) For the first adsorbed layer, the 

enthalpy of adsorption is AH;,, as in the Langmuir case. Summation of the 

amount adsorbed in all layers then gives the BET equation, which expressed in 

its linear form is shown in Equation 1.8. 

P-1 
+(C-1)xP N, (P� 

- P) NC NC P� 

Equation 1.8 

Where NS are the number of surface sites occupied by adsorbate, N is the total number 
of substrate adsorption sites, P is the gas pressure, P° is the standard pressure and C is 

defined as; 

eOxDO -oxaP)/RT 

Equation 1.9 

Where OH;, = enthalpy of desorption =- AH °,, 
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Equation 1.8 may be written in terms of volume (at constant pressure) (Equation 1.10) 

and mass (Equation 1.11) 

p1 C-1z p 
V(P0-P) V�C VaC P, 

Equation 1.10 

piI +C-1x 
P 

m(P� -P) m. C M. C P� 

Equation 1.11 

Where V is the volume of gas adsorbed at constant P, V oo is the volume of gas 

adsorbed at constant pressure when all sites are occupied, m is the mass of gas 

adsorbed and m oo is the mass of gas adsorbed when all the sites are occupied. 

Therefore a plot of VPP 
against 

P, 
for example should yield a straight line 

graph whereby the intercept on the y axis is 1 
and the slope is 

C -1, from which V. C CV, x 
both C and V oo may be determined. 
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Figure 1.13 - The observed Langmuir isotherms 

Rol give pressure 

1.0 

1A 

1A 

Type 111 

ý 

I 
ý 

ý 

OA 

0.0 

ReIoklve prasurn 

RoIdIvt prasurn 

1A 

IA) 

Type IV isotherms vary with the material and the type of hysterises associated with 
the isotherm gives a good indication of the shape of the mesopores under 
investigation. These are shown in Figure 1.14 and Table 1.2. 
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Figure 1.14 - The observed hysterises of mesoporous materials. 

Relative Pressure 

Relative Pressure 

Hysterises Material Description 

Type IV (1) Mesopores with a narrow pore distribution 

Type IV (2) Mesopores with a wide pore distribution 

Type IV (3) Plate shaped particles and/or slit shaped pores 
Type IV (4) Narrow slit shaped pores 

Table 1.2 -A description of the types of mesoporous material hysterises and the determined pore 

shape. 

In Type IV isotherms, the adsorption of gas initially follows the Type I isotherm after 

which the isotherm starts to deviate upwards finally the slope then reduces towards a 

relative pressure of 1. As the saturation pressure is approached the amount adsorbed 

may show little variation. A characteristic of the Type IV isotherm is the hysterises 

loop. The shape of this loop varies, but the amount adsorbed for a given pressure is 

always greater on the desorption branch. Type IV isotherms enable estimates of 

specific surface area and pore size distribution to be found 

Mesoporous materials have been examined for their pore size distribution by surface 

analysis. (102) Pore size distribution can be determined as a result of adsorption or 
desorption data obtained in a surface analysis experiment. This method requires the 

use of the Barrett, Joyner and Halenda (BJH) ('°4) theory which involves the area of 
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the pore walls, and uses the Kelvin equation to correlate the relative pressure of 

nitrogen in equilibrium with the porous solid, to the size of the pores where capillary 

condensation takes place. Mesopores within a solid adsorbent are filled progressively 

with adsorbate by the process of capillary condensation. Increasing numbers of 

monolayer condense within increasing size pores until at PS/PO of near unity all 

mesopores and macropores are full of liquid adsorbate. 
The desorption isotherm is constructed by plotting the volume desorbed per gram of 

sample against the relative pressure, PS/PO. The volume desorbed from the sample at 
different decreasing relative pressure values are converted to equivalent liquid 

volumes, because it is assumed that capillary condensation has taken place and the 

pores are filled with liquid rather than gas. The liquid volume of nitrogen is obtained 
by multiplying the gas volume by 0.00156 (a conversion from gas at STP to liquid). 

The Kelvin equation is used to calculate the core radius of the liquid in the capillary: 

RTInP --2yv' P. Rk 

Equation 1.12 

Where Rk is the Kelvin Radius, y is the adsorbate surface tension at temperature T, R 

is the molar gas constant, T is the boiling point of nitrogen and Vm is the molar 

volume of nitrogen. Substituting for the values of the different constants and solving 

for Rk, we obtain: 

Rk (angstrom) = 4.14 log 
P. 

Equation 1.13 

The thickness of the nitrogen film adsorbed on the walls of the pore at a given relative 

pressure is calculated with the modified Halsey equation: 

Y, 
t(angstroms) - 3.54 

5 

2.303{log 
P} 
P, 

Equation 1.14 
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The actual radius of the pore, RP, is found by the addition of the film thickness, t, to 
the Kelvin radius Rk. 

RP= t +Rk 
Equation 1.15 

1.6.5 Electron Microscopy 

Electron microscopy was developed because of the limitations of optical microscopes. 
The problems of optical systems include the rather large wavelength of visible light. 

In theory, an imaging source should be able to resolve an object the size of half the 

wavelength of the imaging energy. Considering electrons have a much smaller 

wavelength than visible light, there is potential for an instrument with a much higher 

resolution. Another limitation of an optical microscope is its rather poor depth of 
field. The main parameter effecting depth of field is the aperture angle. The aperture 

angle is defined as the angle formed between a line from the sample through the 

centre of the lens and a line from the sample through the edge of the aperture opening. 
The problem with optical microscopy is that a high power objective lens has a short 
focal length, increasing the aperture angle and decreasing the depth of field. This 

problem does not exist in an electron microscope because the technique uses a long 

working distance (the distance between the sample and the final lens) and a small 

aperture opening making a very shallow aperture angle and hence a good depth of 
field. The bombardment of a surface by a concentrated beam of electrons can 

produce a number of surface phenomena. (Figure 1.15) 
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Figure 1.15 - The phenomena experienced by a surface exposed to a primary beam of electrons. 
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Electron microscopy requires the sample to conduct electricity or the beam of 

electrons exposed to a non conductor will charge the sample and deflect the beam. 

Non conductors can be imaged by electron techniques by coating the sample in a 

conductor such as gold. The detection of electrons leads to different microscopy 
techniques where the structure of solids can be analysed. Techniques used in the 

studies of mesoporous materials include Transmittance Electron Microscopes (TEM) 

and Scanning Electron Microscopes (SEM). 

1.6.5.1 Transmission Electron Microscopy 

The transmittance electron microscope relies on the transmittance of electrons through 

a very thin sample. Transmission spectroscopy principles are designed on that of 

optical microscopes but electrons are used to view a sample as opposed to light. A 

source of electrons are generated and emitted from a Tungsten filament heated above 
2200°C which provides a well defined beam of electrons from the source z 50 µm 

with energy of 10 - 300 kV with the system in near vacuum conditions. The beam of 

electrons passes through electromagnetic condenser lenses which are effectively 

transformers consisting of an iron core surrounded by coils of wires which produce 

precise magnetic fields to deflect or attract the beam of electrons. The focused beam 

of electrons is then transmitted through a thin sample where the beam is then focused 

by projector lenses onto a phosphorescent screen. (Figure 1.16) 
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Figure 1.16 - The schematic of a transmission electron microscope. 
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High resolution transmission electron microscopes are useful for viewing the structure 

of mesoporous materials as the resolution is high enough to see the hexagonal pores 

of the MCM-41 materials. (Figure 1.17) 

>ý 

Figure 1.17 - The TEM image of MCM-41 showing the hexagonal array of mesopores. 
(15) 

1.6.5.2 Scanning Electron Microscopy 

The scanning electron microscope (SEM) is similar to a TEM. The primary beam of 

electrons are produced and focused to a point using the set up of the TEM. (Figure 

1.16) The difference in technique is in the way the electron beam is analysed. The 

TEM looked at transmitted electrons through a very thin sample. The SEM however 

analyses the electrons scattered from the surface. The incident beam of electrons 
(from the electron gun) does not simply reflect off the sample surface. As the beam 

travels through the sample it can do a number of things which include: passing 

through the sample without colliding with any of the sample atoms, it may collide 

with electrons from the sample atoms, creating secondary electrons, or it may collide 

with the nucleus of the sample atom, creating backscattered electrons. The incident 

beam is composed of highly energized electrons. If one of these electrons collides 

with a sample atom electron, it will knock it out of its shell. This electron is called a 

secondary electron and is weak in energy (nearly 100 volts). If these secondary 

electrons are close enough to the sample surface, they can be collected to form an 
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SEM image. The incident beam electron loses small amounts of energy in this 

collision. In fact, a single electron from the beam will produce a shower of thousands 

of secondary electrons until it doesn't have the energy to knock these electrons from 

their shells. An electron detector is placed in the sample chamber, normally having a 
10 KeV positive potential, it attracts the secondary electrons emitted from the sample 

surface. One advantage of this biased detector is that it can attract secondary electrons 
emitted from sides of the sample which are physically blocked from the detector face. 

This greatly reduces shadowing effects in SEM images. If the incident beam collides 

with a nucleus of a sample atom, it bounces back out of the sample as a backscattered 

electron. These electrons have high energies and because a sample with a high 

electron density will create more of them, they are used to form backscattered electron 
images, which generally can elucidate the difference in sample densities. In secondary 
imaging mode, as the incident beam scans across the sample's surface, secondary 

electrons are emitted. If the beam travels into a depression or hole in the sample, the 

amount of secondary electrons that can escape the sample surface is reduced and the 
image processing places a corresponding dark spot on the screen. Conversely, if the 

incident beam scans across a projection or hill on the sample, more secondary 

electrons can escape the sample surface and the image processing places a bright spot 

on the screen. This form of image processing is only in the grey scale which is why 
SEM images are always in black and white. The SEM technique was useful in 

looking at the surface morphology of the mesoporous materials and detergent 

samples. 

1.6.5.3 Energy Dispersive X-ray Analysis (EDX) 

A branch of SEM is that of EDX which can determine the elemental composition of a 

sample by examination of the top most layer of a solid. When the incident beam of 

electrons penetrates the surface of a sample it creates secondary electrons leaving 

holes in the electron shells where the secondary electrons were. If these holes are in 

the atoms inner shells, then stability is lost. To stabilize the atoms, electrons from 

outer shells will drop into the inner shells; however, because the outer shells are at a 
higher energy state than the inner shell electrons, the atom must lose energy which it 

achieved by releasing a photon. (X-ray) 
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This allows the SEM to perform elemental analysis over areas of 0.5 microns in size. 
The X-rays are emitted from a depth equivalent to the secondary electrons ejection 
point which is usually from 0.5 to 2 microns in depth and depends on the sample 
density and accelerating voltage of the incident beam. Detection limits can be as low 

as 0.2% for the higher atomic number elements. EDX analysis can also quantify the 

elements it detects by calculating the area under the peak of each identified element 
and after taking account for the accelerating voltage of the beam to produce the 

spectrum, performs calculations to create sensitivity factors that will convert the area 

under the peak into weight or atomic percent. The limitations of EDX are that x-rays 

are not generated for elements below carbon. The technique of EDX was important in 

the study of mesoporous material adsorption as it could determine if the detergent 

molecules were present on the external surfaces of the material. The composition of 
the detergent additives were also analysed by this technique. 

1.7 Uses of Mesoporous Materials for Sorption and Separation 

Mesoporous materials are useful for their sorption and separation abilities of large 

molecules due to the increased pore size compared to traditional zeolites and 

comparable surface areas. MCM-41 is particularly useful for sorption because it 

possesses uniform mesoporous channels with diameters from 1.5 nm to greater than 

10 nm. MCM-41 has been extensively examined for its sorption ability using gases 

such as nitrogen, oxygen and argon. (100-106) Adsorption of such gases has shown that a 
MCM-41 sample with pores of 4 nm gave a Langmuir Type IV hysterises (Figure 

1.13) when nitrogen, argon or oxygen was introduced to the pores. Nitrogen 

adsorption showed no adsorption-desorption hysterises, but argon and oxygen showed 

a Langmuir Type IV isotherm and a Type IV hysterises loop. (Figure 1.14) This 

demonstrates capillary condensation occurring within a narrow range of tubular pores. 
The adsorption of liquids such as water, (103. b05) and organic solvents (44' 106) were 

examined. The uptake of solvents such as hexane on MCM-41 which adsorbed 47% 

of hexane per gram of MCM-41 and benzene which was adsorbed at 67% per gram of 
MCM-41 demonstrates the high capacities of the mesopores for non polar solvents. 
Recent studies of adsorption properties of mesoporous materials have shown 
MCM-41 to be viable for the immobilisation of enzymes (107) and amino acids. (108) 
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Mesoporous materials have shown great promise in sorption, separation and catalysis 

since the patent released by the Mobil Corporation in 1991. 

1.8 Lubricants and Additives 

Lubricants are required in the automotive industry to prevent engine wear from 

friction by reducing the abrasion of metal-metal surfaces. The engine of a Yamaha 

Jog which is a 50cc motor scooter ran for just 45 minutes at 6000 ±20 revolutions per 

minute (RPM) without any lubricant at all before engine seizure (109) indicating that 

octane itself is a poor lubricant. Lubricants containing additives are required to 

reduce further the engine wear and also to protect the engine from harmful molecules, 
deposit particulates and combustion products. Additives are added to lubricant 

formulations in small quantities but can have significant effects on the performance of 

an engine. Some of the additives that are used in automotive lubricants are shown in 

Table 1.3 

Additive Use Examples of additive 
Antioxidants Termination of radicals formed during the combustion Aromatic diamines, Alkyl 

process which can form gums. phenols 

Friction Reduces the friction associated with metal- metal Zinc dithiophosphate 

Modifiers contact. (ZDDP) 

Pour Point Used to keep a lubricant mobile during cold conditions. alkylated phenols 
Depressants Vinyl acetate/vinyl-ether 

copolymers 
Viscosity Reduces the tendency of an oil's viscosity to change Polymethacrylates 

Modifiers with temperature Ethylene-propylene 

copolymers (OCP) 
Anti foams Used to suppress the foaming tendencies of lubricants Silicone oils 

in service by reducing surface tension. 
Detergents Neutralises acidic components, cleans engine deposits Salicylates 
(Metallic and keeps the particulates in a colloidal solution to Sulphonates 

Dispersants) prevent deposit build up on the metallic surfaces. Phenates 

Table 1.3 - Common additives used in lubricants. 
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1.9 Detergents 

Detergent additive packages are applied to lubricants to improve engine performance 

and longevity by reducing the deposit build up present from the combustion process 

on the combustion chamber walls. Detergents also neutralise acidic components 
formed by combustion such as sulphuric acid from sulphur present in the fuel. There 

are four different types of detergents available consisting of sulphonates, phenates, 

salicylates and phosphonates, but all have the same function of neutralising acidic 

combustion products. (10) The detergents exist as either neutral detergent, that is, the 

alkyl aryl salts or overbased which are inverse micellar structures where the polar 
head is surrounding a metal carbonate core, normally of calcium. The neutral 
detergent additives are surfactants and therefore can form micellar solutions when a 

critical micelle concentration is achieved. There has been a lot of study on the CMC 

of alkyl aryl sulphonate salts which indicate that CMC is dependent on the solvent 

used, temperature, pressure and alkyl chain length. (111 - 115) Unlike the surfactants 

used as templates for mesoporous material synthesis which were cationic surfactants 
in aqueous solutions which aggregated to form micelles with the polar group facing 

away from the micelle centre, (Figure 1.5) the detergent surfactants are anionic and 

solubilised in a non polar solvent such as hexane and hence aggregate in a reverse 
formation to the cationic surfactant with the anionic group in the centre of the micelle 

surrounding a calcium carbonate core. (Figure 1.20) and is called an inverse micelle 

aggregation (116-119) where the number of surfactant chains forming a micelle is called 

the aggregation number. The aggregation number represents the maximum possible 

number of surfactant chains required to stabilise the micelle and is variable 
depending on solvent, temperature, pressure and concentration. If the aggregation 

number is increased, the micelle will change form to a more stable state such as from 

circular arrays to lamellar. The size of micelles can be successfully determined using 
dynamic light scattering studies. (113) 

Separation of the detergent additives is important for enhanced oil recovery. The 

reclamation of lubricants after use is seen as an environmentally friendly means of 

reusing expensive, hazardous additives. Separation of detergent additives is also 
important in the analytical evaluation of competitor analysis. Most lubricants contain 

a detergent additive package which commonly contains calcium sulphonate or 

phenate. The separation and determination of the quantity of detergent in a lubricant 
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can be used in the development of better performing lubricants. Traditional 

techniques have been applied to try to separate neutral and overbased detergents. 

Methods include ultracentrifugation. (20) In this process, neutral and overbased 

phenate additives were mixed and centrifuged at very high velocity to force the 

heavier overbased particles to separate from the lighter neutral detergent. Results 

show that the detergents do separate with the concentration of overbased detergent 

increasing as samples were taken at increasing depths in the sample tube. The 

technique did not fully separate the mixture. Another technique that is under 
investigation for detergent separation is electrophoresis. (121) A mixture of overbased 

sulphonate additives which differed in the surfactant chain length surrounding the 

overbased core was studied and a promising separation was achieved. Further studies 

on the separation of neutral and overbased sulphonate detergents lead to the use of 

traditional size exclusion chromatography using a silica gel support. (122) The silica 

gel is available in a large range of pore sizes with the most successful material found 

in the stated experiment to have a pore size of 1000 nm. A sulphonate mixture was 

eluted on a column of neutral alumina and extracted using four different solvents 

acetonitrile, methanol, heptane and benzene consecutively to obtain four separate 

fractions. Each fraction gave the following recoveries; acetonitrile 7.7 %, methanol 

28.9 %, heptane 48.6 % and benzene 10.8%. (117) Neutral detergents have been 

separated using traditional HPLC techniques (123-127) and columns are commercially 

available to separate alkyl sulphonates with chain lengths up to C12 and such 

columns are polydivinylbenzene based resins with a particle size of 7 pm. (127) 

1.9.1 Neutral Sulphonate and Phenate Detergents 

A neutral detergent is defined ("') as an additive that contains an exact stoichiometric 

requirement to give a neutralised species. Neutral sulphonates are synthesised by 

reaction of a sulphonic acid with a metal oxide or hydroxide to give a neutral 

sulphonate and water. (10,128) The metal balance ion may be sodium, calcium, 

magnesium or barium. 

RArSO3H + MO or MOH -+ RArSO3M + H2O 
Equation 1.16 
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The neutral sulphonate additive consists of a range of singular, often branched 

hydrophobic hydrocarbon chains, typically with carbon chain lengths where R= C8- 

C36 depending on the literature source. (110,128-130) In this work the hydrophilic head 

group consists of a sulphonate group balanced by a calcium metal cation as shown in 

Figure 1.18. 

0 

Figure 1.18 - The structure of a calcium neutral sulphonate with an alkyl chain ("), sulphur ( ), 

hydrogen (") and calcium ("). The molecule was drawn in Isis Draw and transformed to a 3D 

representation in RasMol. 

Neutral phenates are synthesised by a similar method to that of neutral sulphonate. 
An alkyl aryl phenol is reacted with a metal hydroxide to give the neutral phenate 

salt. (131-132) The neutral phenates exist in three forms (110) which are a normal phenate, 

where two alkyl aryl phenate molecules bond with a metal cation, a sulphide bridged 

phenate where the phenate aromatic rings are bridged by sulphur and a methylene 

bridged phenate which consists of the two phenates bonded by a methylene group. 

The sulphide bridge can consist of 1 to 8 sulphurs in a bridge. (110) The bridged 

phenates are sterically hindered and are more concerted. Neutral phenates have alkyl 

chain lengths of minimum R=C8 and commonly of R=C12 and tend to be highly 

branched. (133) A diagram of a sulphur bridged phenate is shown in Figure 1.19. 

Figure 1.19 - the structure of a sulphur bridged phenate showing a surfactant chain ("), oxygen ("), 

sulphur () and a calcium counter ion (. ). The molecule was drawn in Isis Draw and transformed to a 
3D representation in RasMol. 

31 



Introduction Principles and Theory 

1.9.2 Overbased Sulphonate and Phenate Detergents 

An overbased detergent is defined (1 ") by the amount of total base contained within 
the product and is measured by its total base number, (TBN). Total base number is 

traditionally obtained by potentiometric titrations, (134) but it can be obtained by 
infrared studies. (135) 

Synthesis methods of overbased sulphonate have been rigorously investigated and 

many methods of synthesis exist. (128-129,136-141) All methods follow the principle that 
formation is by reaction of the neutral component, such as the sulphonate with a 

metal hydroxide in the presence of carbon dioxide. 

RArSO3M + xMOH + CO2 --ý RArSO3M---xMCO3 + H2O 
Equation 1.17 

The hydrocarbon tail, R or the oleophillic group is the portion of the detergent 

substrate that acts as a solubiliser to enable the detergent to be fully compatible and 

soluble in base oil. The polar head consists of a group containing an active metal 

cation, M, usually sodium, calcium or magnesium. These metals have replaced the 

traditional barium compounds that were found to be environmentally unsuitable. 
The overbased detergents are therefore inverse micelles as the polar head group is 

central with the hydrocarbon chains forming the outer surface of the micelle. 
The structure of the overbased detergents can be determined by neutron scattering 

studies. (142 - 145) The overbased sulphonate is shown diagrammatically in Figure 1.20, 

consisting of a calcium carbonate core. Typical values of calcium carbonate core 
diameter have been determined within the range of 2 to 22 nm depending on the 

amount of calcium carbonate present in the synthesis. The overall size of the 

overbased sulphonate is determined by adding the length of stabilising surfactant 

species surrounding the carbonate core (neutral sulphonate) and surfactant layers 

1-3 nm thick have been observed. (143,144) The total size of the overbased sulphonate 
detergents therefore range from 3 nm up to 25.4 nm. (143) Modelling of the overbased 

sulphonate (144) has shown the system exists as a spherical particle with long non 
concerted neutral sulphonate surfactant chains which completely cover the carbonate 
core surface. The flexibility of the chains means that they can wrap around the core 

minimising solvent interactions and effectively protect the core and polar head 
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groups. The overbased sulphonate used in this work has a TBN value of 307 as given 
by Ethyl Corporation. Traditionally, overbased calcium petroleum sulphonates used 
by the major oil companies in conventional engine oil formulations have TBN values 

of 300 or less. There are off-the-shelf overbased calcium petroleum sulphonates in the 

market today with TBN values of 400 or more, but they may have crystalline cores. 
Moreover, the sulphonate to carbonate ratio has to be exact in order to maintain 

stability of the micelles in the final oil formulation. Failure to achieve any of the 

critical numbers above can result in any of the following quality concerns: 

" Lack of extreme pressure property 

" Precipitation of carbonates on long term storage 

  Oil haziness 

  Phase separation 

ýoýi 1-3 nm 

4 t_t 3-25 nm 
Figure 1.20 - a) The overbased sulphonate micelle showing the calcium carbonate core () and the 

neutral sulphonate component consisting of calcium () sulphur (") and oxygen (. ) 

Generally, the overbased phenate detergents are smaller than the overbased 

sulphonate as smaller chains are required to stabilise the core. The aryl rings of the 

phenate detergent are joined by a bridge which does not allow the degree of freedom 

experienced by a sulphonate chain. The carbonate core diameter for the micelle is 

around 2-3 nm for overbased phenate detergents depending on the TBN, (145) the 
larger TBN overbased detergents have the larger carbonate core radii. The surfactant 
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layer surrounding the carbonate core can be up to 1.5 nm thick but has been 

determined by Griffiths et al as 0.95 nm (145) and results from the short concerted 

chains. The average micelle diameter for the overbased phenate detergent has been 

shown to be 3-8 nm. (131) A diagram of an overbased phenate is shown in Figure 

1.21. The overbased phenate TBN value as quoted by Castrol was 250. 

Figure 1.21 - a) The overbased phenate micelle showing the calcium carbonate core () and the 

neutral phenate component consisting of calcium () and oxygen (. ) and b) the neutral phenate 

surrounding the carbonate core showing the oxygen (") and the sulphur bridge (") 

1.10 Detergent Analysis 

There are a number of techniques used in determining the structure of the detergents. 

The size of the carbonate core and surfactant chains of the overbased detergent may 
be determined by scattering techniques whereas the nature of the functional groups as 

well as the presence of the calcium carbonate core may be determined by infrared 

techniques outlined below 

1.10.1 Neutron Scattering 

Small angle scattering (SAS) is the collective name given to the techniques of small 

angle neutron (SANS), X-ray (SAXS) and light (SALS, or just LS) scattering. In 

each of these techniques radiation is elastically scattered by a sample and the resulting 

scattering pattern is analysed to provide information about the size, shape and 

orientation of some component of the sample. 
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Neutron radiation can be produced to cover a range of wavelengths; 0.01 -3 nm 

would not be untypical. This range is comparable to that which may be obtained with 
X-rays (for example, the Cu-Ka line at 0.15 nm) but is orders of magnitude smaller 
than that of visible light (400 - 700 nm). The usefulness of SAS to colloid and 

polymer science becomes clear when one considers the length scales involved; bond 

lengths are typically around 0.1 nm, the radius of gyration of a polymer in solution is 

usually 1- 10 nm, a surfactant micelle may be 10 - 100 nm in diameter, whilst latex 

particles and emulsion droplets are often 100 - 1000 nm in diameter. 

Neutron Scattering is useful for overbased detergent analysis because it can determine 

not only the size of the carbonate core of an overbased detergent, but can also 
determine the thickness of the surfactant chain layer. (142-145) Such facilities are 

available at the Rutherford Appleton laboratory at Oxford. For a system of dilute, 

non-interacting, mono-dispersed spherical particles, the intensity of neutrons 

scattered can be expressed as (97) 

(Ml- A Q(nn_nm1ZAºVn ' \7ý/ - ""-\'/t' '! ""/ T"t' 1 ý3., 3 

z 
sin QR - cos QR 

Q3R3 

Equation 1.18 

Where Q is the scattering vector 
4n sin 0 

for scattering at angle 0 with a wavelength 

X; A is an instrument constant; rip and rim are the scattering length densities of the 

particle and medium; 0 is the volume fraction particles; Vp is the particle volume 

and R is the particle radius. 

1.10.2 Dynamic Light Scattering 

Dynamic light scattering studies (DLS) have been used to determine the size of the 

overbased detergent micelle. (145) The technique is not as accurate as neutron 

scattering studies due to the fact that different sizes for the micelle are obtained when 
different parameters are used, including solvent and temperature, when analysed by 

DLS. DLS is used to detect particle sizes ranging from below 5 nm to about 2 µm in 

diameter. The technique involves the measurement of the Doppler broadening of the 

Rayleigh-scattered light as a result of Brownian motion. In dynamic light scattering, 
the thermal motion of particles in solvent give rise to time fluctuations in the 

ý, J"K" 
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scattering intensity and broadening of the Rayleigh line, which follows a Lorentzian 

curve. In the micellar solutions, the width of the central line is directly proportional 
to the translational diffusion coefficient (D) and is based on Ficks law which states 
that the rate of diffusion in a given direction is proportional to the negative of the 

concentration gradient. (Equation 1.19) 

Molar Flux = -D 
ac 
ax 

Equation 1.19 

Where D is the translational diffusion coefficient and 
ac is the concentration ax 

gradient. 
To record the Doppler broadening, the DLS photometer uses optical mixing or light 

broadening techniques which translate the optical frequencies involved from the laser 

(5 x 1014 Hz) to frequencies near to 0 Hz that can be readily measured by a PMT. 

A schematic of a dynamic light scattering photometer is shown in Figure 1.22. 
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Figure 1.22 -A schematic of a light scattering photometer. 
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In the DLS experiment, the sample is irradiated with laser radiation and the light 

scattering associated with the thermal motion of the particles at an angle 0 is incident 

on a PMT where the conversion of the light signal to an electronic signal results in an 

autocorrelation function. The autocorrelation function of the signal from the scattered 
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intensity is the convolution of the intensity signal as a function of time with itself 
known as a shift time (r). The autocorrelation function is given as 

w 
G(T)= fl(t) " I(t + r)dt 

0 

Equation 1.20 

Where G is the autocorrelation function, t, the time and I, is the intensity of the 
detected signal. A plot of the autocorrelation function with time is used to determine 

the diffusion coefficient. For spherical particles, the particle size is obtained by the 
diffusion coefficient and the Stokes Einstein equation, which defines the movement of 

a spherical particle through a fluid as is given by Equation 1.21. 

kT d= 
3nrjRD 

Equation 1.21 
Where d is the particle diameter, k is the Boltzman constant, T is the temperature, tl is 

the viscosity of the medium through which the particle is moving, 37ri R is the 

frictional coefficient of a particle moving through a viscous environment with a radius 
R and D is the diffusion coefficient. The actual size of the particle may not be a true 

representation of the particle size as particles are rarely spherical such as the 

overbased phenate detergents that are shown to be plate like in shape (145). Movement 

through a solvent would therefore correspond to a tumbling of an ellipse solvated by 

solvent. This total effect is known as the hydrodynamic radius of the particle and is 

an apparent size of micelle. 

1.10.3 Infrared Spectroscopy 

Infrared radiation lies between the microwave and visible region of the 

electromagnetic spectrum referring to wavenumbers of approximately 12800 - 
10 cm-1 or 0.78 - 1000 µm. The infrared region is split into three categories, the far 

infrared, (12800-4000 cm'), the mid infrared, (4000-400 cm) and the near infrared 

region. (400-10 cm'') The analysis of organic compounds shows absorption spectra 
falling in the mid infrared region. Absorption bands in infrared arise due to the 
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interaction of infrared radiation with the molecules that can undergo a net change of 
dipole moment as a consequence of its vibrational or rotational transitions. The 

examination of the transitions associated with vibrational energy results in broad 
bands because a single vibrational energy change is accompanied by a number of 

rotational energy changes. There are two types of molecular vibration, stretching or 
bending. (Figure 1.23) 
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Figure 1.23 - The molecular vibrations associated with infrared showing 1) symmetric stretching, 2) 

anti-symmetric stretching 3) in plane rocking vibrations 4) in plane scissoring 5) out of plane rocking 

and 6) out of plane twisting. The arrows show the directions in which the atoms move during the 

vibration and the (+) and (-) are out and into the plane of the paper respectively. 

1.10.3.1 Instrumentation 

Traditional infrared instruments (Figure 1.24) or dispersion instruments produced 

spectra by passing a beam of infrared radiation possessing all wavelengths through a 

rotating diffraction grating to produce increasing wavelengths of infrared radiation. 

The radiation was split by a beam splitter that sent some of the beam through a 

reference cell or blank and the rest of the radiation through the sample cell. A 

detector received each beam. The absorption areas were detected and plotted in real 
time as frequencies versus intensity. 
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Figure 1.24 -A schematic of a dual beam dispersion infrared spectrometer 
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Fourier Transform Infrared Spectrometers (FT-IR) are used in modern laboratories 

and have many advantages over traditional dispersion spectrometers. These include 

passing infrared radiation of all frequencies through a sample at once without a 
diffraction grating being used and consequently reduce the time taken to produce a 

spectrum. An FT-IR spectrometer works by emitting infrared radiation of the 
frequencies (5000 - 200 cm"') simultaneously. The beam of radiation is split by a 
beam splitter and one beam has a fixed path length by reflection off a fixed mirror and 
the second beam has a variable path length by changing the distance of a movable 

mirror. The convergent beams result in constructive and destructive interference and 
hence variable intensities, an interferogram. Fourier transformation converts this 

interferogram from the time domain into a spectral point on the frequency domain. 

Fourier transformation at successive points results in a complete infrared spectrum. 
FT-IR Instruments have high resolutions (50.001 cm') but the higher the resolution, 
the longer it takes to run a scan. A schematic of an FT-IR is shown in Figure 1.25. 
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Figure 1.25 -A schematic of a FT-IR spectrometer (210) 

The analysis of each detergent sample gave a characteristic infrared spectrum which 

was used to determine the amount of the component present in the sorption and 

separation studies of the detergents. As the detergents have both organic and 
inorganic components, the spectrum of the overbased detergents has prominent 
features as discussed later in Section 2. The detergents have been recorded by 

infrared studies in the literature with the neutral sulphonates containing dominant 

sulphonate and aromatic peaks. (147) Phenates have a unique spectrum with evidence 
for the presence of a phenolate ion. (145) The overbased detergents are shown to have 

similar spectra to the neutral counterparts but contain additional infrared peaks from 

the presence of the calcium carbonate core which appear as broad bands. (148) An 

extensive collection of petroleum industry additives characterised solely by infrared 

has been published. (149) The technique of infrared is discussed further in the 

following references. (150-156) 

1.11 Chromatograph Techniques 

Various silica materials were used in a number of chromatographic based analyses 

and measurements. The overbased and neutral sulphonate and phenate detergents 

were analysed on columns containing zeolites, mesoporous MCM-41 materials or size 

exclusion gels in a modified size exclusion /adsorption chromatography method. The 

size exclusion (Section 1.11.1) and adsorption (Section 1.11.2) chromatographic 

methods were performed during the experimental procedure used in the investigation 
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of detergent separations. Using a non polar mobile phase of hexane, detergent 

molecules that are small enough to enter the pores of the mesoporous materials used 
in this work are adsorbed on the pore walls which are analogous to adsorption 
chromatography. The species that are not adsorbed elute in the mobile phase. The 

elution of large molecules in the mobile phase is identical to size exclusion 
chromatography. The Mobile phase is then changed to more polar solvent such as 
methanol which is used to desorb the detergent samples adsorbed on the pore walls. 
The desorbed sample then elutes in the new mobile phase. The data obtained from 

such investigations was used to determine the abilities of these materials in the 

separation of detergent mixtures. Previous work on similar neutral surfactant chains 
have shown some promise in conventional chromatographic methods but due to the 

size of the molecule elution time was rather long, (40 minutes). (157-159) 

Chromatographic elution of overbased micelles has not been previously attempted. 
The chromatographic technique was also used to measure the heats of sorption of the 

volatile analogues of the neutral detergents on the various silica materials used as 

column packing materials, to give an indication of the strength of interaction of the 

detergent with the material. 

1.11.1 Size Exclusion Chromatography 

Size exclusion chromatography which is also known as gel filtration or gel 

permeation chromatography, involves the separation of molecules by there size. (160- 

163) Size exclusion chromatography involves the packing of a column with small 

polymer or silica particles. The small particles pack to produce a uniform network of 

pores into which solvent and small solute particles may elute. The process of size 

exclusion does not involve adsorption of molecules to a packing, but allows small 

molecules to travel over a higher surface area and hence increase retention time. This 

means that large molecules spend most of the separation in the mobile phase whilst 

small molecules spend only a fraction of the time in the mobile phase. The first 

studies on size exclusion involved a polymer column containing styrene- 
divinylbenzene copolymers. These gels are hydrophobic and were only used with non 
aqueous mobile phases. Pore sizes are available from 4 nm to 250 nm and are used 
for separations of proteins and other high molecular weight molecules. Adsorption 

properties of the silica packing are reduced by modification with organic substitutes 
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that eliminate the presence of silanol groups. Such an organic compound is 

tetramethylsilane and the silanation process was outlined in Section 1.3 
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Figure 1.26 - The representation of size exclusion chromatography showing that samples with larger 

molecules elute more quickly as they are too big to enter the pores of the stationary phase where as the 

smaller molecules can enter the pores and elutes more slowly. 

1.11.2 Adsorption Chromatography 

In adsorption chromatography the compounds to be separated are adsorbed onto the 

surface of a solid material. The compounds are desorbed from the solid adsorbent by 

eluting solvent capable of desorbing the adsorbed molecules. Separation of the 

compounds depends on the relative balance between the affinity of the compounds for 

the adsorbent and their solubility in the solvent. The relative affinities of the 

compounds to be separated from the adsorbent are functions of the chemical nature of 

the substances, the nature of the solvent, and the nature of the adsorbent. Solid 

adsorbents commonly used are alumina, silica gel and charcoal. Solvents commonly 

used are hexane, benzene, petroleum ether, diethyl ether, chloroform, methylene 

chloride and various alcohols. Adsorption Chromatography has been extensively 

examined for adsorption of non ionic surfactants and macromolecules. (164"170) The 

process of elution of the compounds in the mixture that are more soluble in the 
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solvent and have less affinity for the adsorbent move more quickly down the column. 
If the substances are coloured, they are readily visible as they separate. However, 

many substances are not coloured, and in these instances, as the development 

proceeds, fractions are collected at the bottom of the column, and the different 
fractions are analyzed. Adsorption Chromatography has been used to separate iodine 
in the radiochemical industry, (171) petroleum fractions in the petroleum industry (172- 
173) and proteins in the pharmaceutical industry. (174) 

1.11.3 Gas Solid Chromatography 

Gas Solid chromatography involves the separation of an analyte in the gas phase on a 

solid stationary phase. A sample is injected into an injector that is hot enough to 

vaporise the sample, which then elutes through a column that is set at a certain 
temperature, but lower than the injector temperature. The sample is driven through 

the column by a steady flow of inert gas, normally helium or nitrogen and elutes into 

a detector, which is set at a higher temperature than the column, where the 

components are analysed. The ability of a column to separate a material depends on 
the adsorption to the column and hence retention of sample due to polarity or size. A 

common detector used is a flame ionisation detector (FID). An FID consists of two 

electrodes at the flame tip with a potential of 100 - 400 V. Current flows between the 

plates and organic molecules passing through the potential produce electrical changes 

which are recorded as a function of time. 

Migrating through the column, molecules of the sample spend part of the time in the 

mobile phase and the rest of the time on the stationary phase. The particles move 
down the column during the time they spend in the mobile phase. In the mobile phase, 

all particles move at the same speed (um), equal to the linear velocity of the mobile 

phase, so that the time spent in the mobile phase is the same for all particles and is 

called the hold-up or column dead time. This time is equivalent to the time required 
for a non-adsorbed component to reach the detector from the point of injection. 

During the process of migration in a porous media, such as a zeolite, sample 

molecules can be either adsorbed on the external surface or can penetrate into the pore 

openings and diffuse within the pores. Hence their retention times (tr) that is the time 

spent in the column, is longer than the column dead time (tm) by the amount of time 
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they spend on the solid phase (t4). Differential rates of migration are therefore due to 
the time that different species spend in the solid stationary phase (t) and the 
components of a mixture will be separated only if they have different distribution 

coefficients between the stationary and the mobile phase. The overall retention time 

of a component (tr) is given by the sum of the times spent in the mobile and stationary 
phases: 

tr = tm + ts 

Equation 1.22 
In gas chromatography the mobile phase does not affect the distribution of the sample 

molecules between the two phases, which depends only on the molecular interactions 

between the sample and the stationary phase. The function of the mobile phase is only 
to transport the solute molecules through the column. 

1.12 Heats of Adsorption 

The heat of adsorption is a reliable technique for determining the interaction of guest 

molecules introduced onto a surface interface. (175-178) All sorption processes involving 

physical adsorption are exothermic, as can be seen from consideration of the 

hydrothermic relation between free energy (AG), enthalpy change (AH) and the 

entropy (AS). 

AG = AH-TAs 

Equation 1.23 

AG must be negative for adsorption to take place and the enthalpy of adsorption must 
be negative because the adsorption process invariably involves a decrease in entropy. 
This is because a molecule in the gas phase or in solution has more freedom of motion 

than one that is attached to a surface. Hence AH = AG+TAS, must also be negative. 

The heat of adsorption is a measure of the heat released and may be defined as the 

energy evolved when a small amount of a guest molecule is added to a large quantity 

of adsorbent. 
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Three terms are widely used to define the heat of adsorption: 

1) The isothermal integral heat of adsorption q;, which is the total heat involved 

in the adsorption process from zero to final adsorbate loading at constant 
temperature and volume and may be expressed as. 

q, -' 
n 

Equation 1.24 

Where Q; is the heat evolved and n is the number of moles of gas adsorbed. 

2) The differential heat of adsorption, AH°AD - the change in integral heat of 

adsorption with a change in adsorbate loading, defined by Equation 1.25 

AH°AD = H; - Hg 
Equation 1.25 

Where Hg is the molar enthalpy of the adsorbate gas and H; is the partial molar 

enthalpy of the adsorbate. The differential heat of adsorption is dependent upon 

temperature, pressure and adsorbate loading. 

3) The isosteric enthalpy of adsorption (qst) - the heat required to change from 

one adsorption isostere to another, which is defined in terms of the Clausius- 

Clapeyron of Equation 1.26 at constant adsorbate loading 

1 
q. - 4.581og 

1--- log P, 
- Tz T, Ps 

Equation 1.26 
(Obtained from a plot of the log of the pressure vs. the reciprocal of the absolute 

temperature, l/T). 

The differential and isosteric heats of adsorption are numerically identical at any 

specific pressure, temperature and adsorbate loading but of different sign. 
Heats of adsorption may be measured in a number of ways, such as direct calorimetry, 
from the shift of reversible equilibrium with temperature, (178) or from gas 

chromatography. (179.181) Gas chromatography under appropriate conditions is 

regarded as a reliable and efficient method of studying the adsorption of liquids and 
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gases on solids. The response of the chromatographic column, to a small pulse of 
adsorbate species, can be used to estimate both kinetic and thermodynamic parameters 
of the adsorption process. This technique is especially relevant when studying 
adsorption at high temperatures where the use of static methods are inappropriate 
because of the relatively long contact times involved which can lead to decomposition 

of the adsorbate. The adsorption abilities of analogues and derivatives of the detergent 

surfactants were investigated by eluting each compound through packed columns of 
mesoporous materials and silica gels on a gas chromatograph. The determination of 
the heat of adsorption of the different compounds would suggest which part of the 
detergent molecule is more strongly adsorbed to the silica materials. Heats of 

adsorption are determined by calculation of the gradient of a plot showing: - 

in t,,, (. n) =C- [AH / (R*TJ] 

Equation 1.27 

The Boltzman constant is represented by R, the heat of adsorption is shown as AH and 
C is a function of the entropy of adsorption. The corrected retention times (tm ) of 

the sample are determined by subtraction of the solvent retention time (hexane) from 

the sample retention time (aniline, etc) as shown in the following equation: 

tm(corr) _ (t(sampie)-t(solvent)) * (Td'rf) 
Equation 1.28 

Where t(sample) and t(solvent) are the retention times of the sample and solvent 

respectively and TT and Tf are the temperature of the column during the experiment 

and at room temperature respectively. 

1.13 Radiochemical Analysis 

Radioactivity is a natural phenomenon that exists everywhere in the universe. The 

development of analytical techniques to detect the radiation around us has produced 

some very sensitive and accurate techniques. Radiochemical techniques derive from 

three main methods of analysis the first method, called activation analysis is where 
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radiation is artificially induced in one or more elements of a sample by irradiation 

with suitable particles. An example of such a process would be the tritiation of 
hydrocarbons where an exchange reaction occurs between a hydrogen atom and a 
tritium atom. A second method involves the introduction of a radioactive species into 

a sample and is known as a tracer. Tracers are commonly used in medical 
applications (175-181) and include the use of 121iodine or `'technetium injected into the 
body and various organs hold onto the radioactive source. Detection of these tracers 

can perform diagnostics of medical conditions. A final method looks at the natural 

abundance of radioactivity. Archaeology uses 14Carbon dating methods to give an 
indication of the age of artefacts and rocks by determining the radioactivity of 
14Carbon of a sample and standard and the half life of 14Carbon is used to calculate the 

age of sample. (182-187) 

The activation analysis of tritiation of a neutral detergent was used to determine if the 

neutral component was in equilibrium with the overbased micelle. If a radioactive 

neutral sulphonate was mixed with an overbased detergent micelle and the separated 
detergents show activity in the micelle, then an exchange is occurring. A method of 
determining whether the overbased micelle was radioactive was by liquid 

scintillation. 

1.14 Liquid Scintillation 

A substance that emits a short lived weak flash of light (scintillation) when exposed to 

an ionizing source is termed a scintillator. A detector that can determine the number 

of scintillations is called a scintillation counter. Liquid scintillation counting (LSC) is 

a technique applicable to the detection of radiation with very low penetrations, e. g. 

low energy ß-particles (3H and 14C 
- the fl-particles from 3H have an average energy 

of - 6keV and are capable of penetrating a few µm in solid or liquid). 

The process of liquid scintillation counting is relatively simple with the energy 

emission of the solute (the light photon) converted into an electrical signal by a 

photomultiplier tube. 
A scintillation cocktail is used for its luminescent properties. A liquid scintillation 

cocktail is composed of 3 components which are a solvent, emulsifier and a fluor. 

The emulsifier is present to ensure stability between the solvent and fluor. Interaction 

of the solvent of the scintillation cocktail with the ,8 particle excites the electrons into 
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a higher energy state. The excited molecules, by collision pass on their new energy to 
the fluor. The excited fluor rapidly returns to its ground state by fluorescence, the 

emission of a photon. The excitation of aromatic solvent is very efficient, but does not 
emit photons. The fluor however is not excitation efficient by direct beta-particle 
interaction; hence the solvent fluor mixture is required to produce an efficient 
scintillation media. Scintillation is an ideal technique for the detection of # particles. 
The ß particles from a radio-isotope have a continuous distribution of energies from 

0- Wmax, where Wmax is the maximum beta-particle energy of the isotope (Figure 

1.27). Tritium has a Wma value of 18.6 KeV. 
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Figure 1.27 - Beta spectrum showing the number of beta-particles per minute per unit energy interval 

against beta-particle energy. The area under the graph is activity 

1.14.1 Photomultiplier Tubes 

A photomultiplier tube (PMT) detects the photons leaving a scintillation sample 

which are blue in colour. The photomultiplier tube contains a photocathode, which 
detects a photon and releases electrons which are accelerated towards a series of 
dynodes, each having an increasing positive voltage. The accelerated electrons strike 
the first dynode which releases secondary electrons, which strike the second dynode 

and the process occurs until the nth dynode is reached. The amount of electrons 
increases giving a highly amplified signal. About 20 dynodes exist in a tube resulting 
in an amplification of 107. The process is known as pulse energy analysis, however, it 

is possible to analyse one radioactive decay in a mixed radioactive system, that is 

tritium may be examined even if carbon 14 is present. To ensure the scintillations of 
all radioactive mechanisms are accounted for, it is imperative that all the energy range 
is examined. If the energy detection limits are reduced, then a mixed component 
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system may not be completely detected. In Figure 1.28, the diagram shows a limited 
detection region X and Y. Only energy pulses between X and Y are detected resulting 
in the energies either side of X and of Y are not detected. In this example, a sample 
contains has a second particle energy such as 14C which may be overlooked and only 
the lower particle energy sample such as tritium is recorded. Therefore every 
radionuclide has a detection limit. 
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Figure 1.28 - The Beta particle emission of a mixed radioactive component system. 

1.14.2 Efficiency and counting 

The count rate is an average value of scintillations per minute. The longer the period 

over which the readings are taken, the better the average counts per minute (CPM) 

values obtained. The standard deviation of counting error is given as: 

2x CPM 

Equation 1.29 
Therefore a sample with 1000 CPM would have an error of 64 CPM. The process of 
beta excitation assumes that all the energy is completely dissipated in the production 

of light. However, this ideal situation is flawed by a phenomenon called quenching 

which reduces the efficiency of the excitation process of the solvent-fluor interaction. 
This may be caused by solvent-solvent or solvent-sample interactions. The addition 
of an analyte decreases the amount of excitation, with the more sample added the 

greater the quench. This form of quench is known as chemical quench and decreases 

the activity from the predicted values. Other forms of chemical quench arise from 

acid quenching resulting from interaction of H+ with primary or secondary fluor, 
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excessive concentration of one component, dilution quenching when the dilution of 
sample increases average distance between solvent molecules and dipole-dipole 

quenching resulting in non-radioactive loss of energy or increase in vibrational 
energy. A second form of quench is known as optical quenching. The optical quench 

occurs if a sample is coloured and a reduction in transmission results. Optical 

quenching may also arise from finger prints, sample residue or condensation on the 

sample vials. All these problems may result in the loss of light reaching the PMT. 

The effect of quench can be corrected by determining the counting efficiency of a 

sample and hence, in conjunction with the count rate, the activity. The equation of 

counting efficiency is given as 

Counting efficiency (E) = Count Rate (CPM) 
Activity (DPM) 

Equation 1.30 

This holds true when the disintegrations are totally from ß-emission. The amount of 

activity is measured as disintegrations per minute (DPM) and represents the true 

amount of the actual ß-emission. DPM is calculated from the CPM value and the 

efficiency which is determined by a number of methods. 

1.14.3 Determination of Efficiency 

There are a number of methods to determine efficiency. The method used in this 

investigation involves the use a set of standards, i. e. known activities (dpm) to which 
different quantities of quenching are introduced artificially to produce a range of 

quenching to cover that of the samples. The transformed spectral index (tSIE) 

(Packard instruments) of the external standard is calculated from the Compton spectra 
induced in the cocktail by an external standard source (133 Ba) The external standard 

technique also exploits spectral movement as an indication of quenching. A source of 

gamma radiation (high energy photons) placed adjacent to the vial in the counting 

position produces electrons in the scintillation solution due to the Compton collision 

process. Compton electrons (physically the same as beta particles) deposit energy in 

the solution and cause scintillations. The scintillations are detected by the PMTs and 

after summation produce a spectrum of pulse heights proportional to the Compton 
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energy. With quenching present in the vial, the spectrum is shifted toward the lower 

energies in the same manner as the beta spectrum of the sample radionuclide. As the 

spectral shift is dependent upon the degree of quenching in the vial, by analysis of the 

external standard spectrum an index is produced which is related to the measuring 

efficiency in the region of interest for the sample. The index produced by analyzing 
the spectral distribution of the external standard is the SIE HEXt. A correlation between 

the SIE and the measured efficiency in the sample region is established by measuring 

a series of quenched standards. The external standard, approximately 10 mCi of 226 Ra, 

is positioned for 15 seconds adjacent to the vial before sample counting begins. The 

external standard spectrum is accumulated. 
During the first 15 seconds of the sample count, the sample contribution to the 

external standard spectrum is automatically subtracted to provide an SIE dependent 

only on the external standard spectrum. The external standard technique is the 

preferred method for homogeneous samples; even with heavy quenching, the 

statistical precision is great because of the source activity. 
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Figure 1.29 - The Efficiency Correlation Curve for Tritium based on the obtained tSIE values. 

It will be realized that the Compton spectrum is generated in the scintillation solution 

and monitors quenching in the solution. The technique of using an external standard is 

incapable of determining the effects caused by inhomogeneity. SIE is based on the 
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distribution of Compton electrons and is, thus unaffected by sample volume or 

container material. 

1.15 Molecular Modelling 

Molecular modelling software is used to model a system to determine the geometries 

and behaviour of molecules. Most molecular modelling studies involve three stages. 
In the first stage a model is selected to describe the intra- and inter- molecular 
interactions in the system. The two most common models that are used in molecular 

modelling are quantum mechanics and molecular mechanics. These models enable the 

energy of any arrangement of the atoms and molecules in the system to be calculated, 

and allows the determination of how the energy of the system varies as the positions 

of the atoms and molecules change. 

Quantum mechanics is one of the oldest mathematical formalisms of theoretical 

chemistry. In its purest form, quantum theory uses well known physical constants 

such as the velocity of light, values for the masses and charges of nuclear particles 

and differential equations to directly calculate molecular properties and geometries. 
The equation from which molecular properties can be derived is the Schrödinger 

equation, 

HW s EW 
Equation 1.31 

Where E is energy of the system relative to one in which all atomic particles are 

separated to infinite distances, IF is the wavefunction which defines the Cartesian and 

spin coordinates of the atomic particles and H is the Hamiltonian operator which 
includes terms for both potential and kinetic energy. Unfortunately, the Schrödinger 

equation can be solved only for very small molecules such as hydrogen and helium. 

Approximations must be introduced in order to extend the utility of the method to 

polyatomic systems. 

Molecular mechanics is a mathematical formalism which attempts to reproduce 

molecular geometries, energies and other features by adjusting bond lengths, bond 

angles and torsion angles to equilibrium values that are dependent on the 
hybridization of an atom and its bonding scheme (this atom description is referred to 

52 



Introduction Principles and Theory 

as the atom type). Rather than utilizing quantum physics, the method relies on the 
laws of classical Newtonian physics and experimentally derived parameters to 

calculate geometry as a function of steric energy. The general form of the force field 

equation is given as: 

Epot = ! Ebnd + fEa�g + lEtor + TEoop + ZEnt, + I: Eel 

Equation 1.32 

EP,,, is the total steric energy which is defined as the difference in energy between a 

real molecule and an ideal molecule. Eb�d, the energy resulting from deforming a bond 

length from its natural value, is calculated using Hooke's equation for the deformation 

of a spring E= 1/2 KO - b0)2 where Kb is the force constant for the bond, bo is the 

equilibrium bond length and b is the current bond length. E8/g, the energy resulting 
from deforming a bond angle from its natural value, is also calculated from Hooke's 

Law. Eton is the energy which results from deforming the torsion or dihedral angle. 
EooP is the out-of-plane bending component of the steric energy. Eb is the energy 

arising from non-bonded interactions and Eel is the energy arising from coulombic 
forces. 

The second stage of a molecular modelling study is the calculation itself, such as an 

energy minimisation, a molecular dynamics or Monte Carlo simulation, or a 

conformational search. Molecular dynamics combines energy calculations from force 

field methodology with the laws of Newtonian (as opposed to quantum) mechanics. 
The simulation is performed by numerically integrating Newton's equations of motion 

over small time steps (usually 10'15 sec or 1 fsec). The simulation is initialized by 

providing the location and assigning a force vector for each atom in the molecule. The 

acceleration of each atom is then calculated from the equation a= F/m where m is the 

mass of the atom and F the negative gradient of the potential energy function (the 

mathematical description of the potential energy surface). The Verlet algorithm is 

used to compute the velocities of the atoms from the forces and atom locations. Once 

the velocities are computed, new atom locations and the temperature of the assembly 

can be calculated. These values then are used to calculate trajectories, or time 
dependent locations, for each atom. Over a period of time, these values can be stored 
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on disk and played back after the simulation has completed to produce a "movie" of 

the dynamic nature of the molecule. 

Finally, the calculation must be analysed, not only to calculate properties but also to 

check that it has been performed properly. Andrew Leach has recently published a 
detailed review of these and other search methods. (206) 
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2.0 Detergent Analysis 

This chapter describes the sample preparations carried out to produce detergent 

samples in a form suitable for both characterisation studies and future sorption uptake 

and separation investigations. The detergent samples were supplied as individual 

detergent additive packages, which are a mixture of a detergent sample solubilised in 

base oil. The detergent additive was extracted from this base oil media by Soxhlet 

extraction and analysed by a number of techniques including infrared studies. Soxhlet 

extraction is a popular method for the continuous extraction of a solid substance with 

a solvent, (195-205) consisting of a distillation flask, a reflux condenser and a cylindrical 

vessel fitted between them to which a siphon system is attached (Figure 2.1). The 

infrared spectrum of each detergent had very distinctive infrared absorption 

characteristics (149) which enabled their identification in sorption and separation 

studies. The ability of a range of solvents to dissolve the solid detergent extracts was 

undertaken to determine a suitable composition for the eluant in the chromatographic 

studies. The dissolution studies are particularly important for samples of overbased 

detergents as these samples contain cores of insoluble calcium carbonate. The size of 

the micelles of the overbased detergent samples was examined by dynamic light 

scattering studies as the size of the micelle would be easily detectable, whereas the 

size of the molecules of the neutral sulphonate detergent sample was evaluated by 

molecular modelling techniques to derive an approximate chain length for the 

surfactant chain. The molecular modelling software was able to show a 

representation of the neutral sulphonate in the gas phase. Finally EDX was used to 

determine the presence of calcium on the column packing materials after elution as 

well as a quick method of investigating the elemental composition of the detergents. 

2.1 Methods of Analysis of the Detergent Properties 

This section outlines the procedures used in characterising the detergent additives 

2.1.1 Soxhlet Extraction of the Detergent Samples 

A sample of detergent additive (approx 10 g) was weighed into a latex finger cot. The 

finger cot was tied and placed into a second finger cot which was also sealed. The 

55 



Detergent Analysis Methodology 

finger cot was then suspended in the Soxhlet apparatus by a steel wire as shown in 

Figure 2.1. The sample was extracted by refluxing in hexane (250 ml) for 12 hours, 

after which the detergent sample in hexane was transferred to a screw topped glass 
bottle containing a PTFE seal. The detergent was then handled in one of two ways. 
The first method involved evaporation of the hexane with resultant weighing of the 

solid detergent obtained to determine the recovery of detergent from the additive. The 

solid extract was then analysed visually, by electron microscopy and by infrared 

analysis to determine the recovery of detergent from the additive package and obtain 

elemental and spectral information. The second method omitted evaporation of the 

hexane solvent and was used to prepare standard detergent solutions. The 

concentration of the detergent in a hexane solution was determined by the following; 

three samples of the Soxhlet extracted detergent solution in hexane (3 xI ml) which 

were pipetted onto a watch glass and then transferred to a vacuum oven at 40 T. The 

hexane was evaporated and the remaining solid detergent sample was then left to dry 

for 2 hours at 70 °C to remove any residual hexane. The samples were then weighed, 
the averaged weight determined and a concentration calculated as mass of detergent 

present in 1 ml of hexane (mg/ml). The remaining Soxhlet extracted detergent 

solution was then diluted with hexane to obtain a concentration of 40 mg/ml. 

Coil Condenser 

Steel Wire 

Soxhlet Extractor 

Rubber Membrane (Finger 
Cot) containing detergent 
additive sample 

Hexane and Extract 

Round Bottom Flask 
containing Hexane and 
Extract 

Figure 2.1 - The Soxhlet apparatus used in the extraction of detergent component from the supplied 
detergent additive package. 
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2.1.2 Solubility Studies of Detergents 

The solubility of the detergent additives in a range of polar and non polar solvents 

was investigated. A small sample of solid Soxhlet extracted detergent additive (1.0 

mg) was weighed and added to a vial containing a solvent (5.0 ml), sealed and shaken. 
The extent of solubility was determined from visual observation. This included, 

colour change of the solvent, the appearance of diffusion trails from solid into solvent 

as dissolution occurred and apparent loss of the solid due to solvation. The solvents 

are shown in Table 2.1. In a second additional experiment, an overbased sulphonate 
detergent sample (100 mg) was put into a round bottom flask and hexane; (50 ml) was 

added. The solution was refluxed for 30 minutes. 

Solvent Manufacturer Purity 

Hexane Fisher 95% 

Toluene Aldrich 99% 

THE Aldrich 99% 

Methanol Fisher 99% 

Ethanol Fisher 99% 

Acetone Fisher 99% 

Isopropanol Aldrich 99ßb 

Acetonitrile Aldrich 99ßb 

Diethyl ether Aldrich 99ßb 

Dichloromethane Aldrich 99% 

Table 2.1 - The solvents used in solubility studies of the detergents. 

2.1.3 Infrared Analysis of Detergents 

The infrared spectrum of the detergent samples was obtained in two ways. The first 

method involved the production of a solid potassium bromide disc. The disc was 

prepared by the mixing of solid detergent (1 mg) with potassium bromide (1 g) in a 

mortar and pestle until a fine powder was achieved. The powder was added to a 

pressing cell until the cell is covered in a fine layer of powder and compressed using a 
hydraulic press. The sample was analysed using a Nicolet 205 or a Shimadzu 8300 

infrared spectrometer. The Nicolet 205 was controlled by an inbuilt processor 
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running the special software supplied with the machine. The Shimadzu 8300 was 
controlled by a PC running the Hyper IR software version 1.51 supplied with the 

machine. The second method involved a solution of detergent sample in hexane 

analysed using a solid potassium bromide cell (0.1 cm). The detergent sample was 

analysed as was a separate sample of hexane as a blank. The spectrum of detergent 

sample was obtained by subtraction of the hexane spectrum from that of the sample 
by software manipulation of the infrared data. 

2.1.4 Particle Size Analysis of Overbased Detergent Micelles 

The detergent samples were sent to the University of East Anglia where Dr David 

Stetlyer performed particle size analysis of the overbased detergent additives. The 

overbased detergents are colloidal solutions (solid in liquid) and therefore scatter 
light, enabling the use of a dynamic light scattering technique (DLS). DLS 

measurements were made using an argon-ion laser (Spectra-Physics) with a maximum 

output power of 2 Watts operating at < 150mW at 488nm. Samples were made up in 

decane (25 ml) at concentrations of 10 mg/ml and were contained in rectangular 

quartz cells with a 1cm x 1cm cross-section. The monochromatic beam was focused 

into the thermostatted (t 0.1 °C) sample and the scattered light intensity recorded at a 

scattering angle of 900 using a Malvern 109 photomultiplier operating at 1600kV. 

The signal was correlated by a Malvern 4700c correlator with 256 channels to obtain 
the correlation function, C. A non-linear regression was used to obtain the shift time, 

i from the exponential auto-correlation function, (Equation 1.20) which is related to 

the diffusion coefficient D of the droplets. (Equation 1.21) 

2.1.5 Molecular Simulation of Neutral Sulphonate 

The use of the molecular simulation packages of Insight II, Solids Builder 

(ACCELERYS) were used to construct a molecule of neutral detergent with an alkyl 

chain of C= 12. This was achieved by using 3x Butyl molecules and adding a 
benzene ring to one end. The addition of a sulphonate group completed the molecule. 
The program Discover 3 (ACCELERYS) was used to calculate the dimensions of the 

molecule in the gas phase when the neutral sulphonate molecule was energy 

minimised at -381.344 Kcal. 
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2.1.6 Detergent EDX Studies 

The Soxhlet extracted detergent samples were powdered using a mortar and pestle and 
then analysed by EDX. Neutral suiphonate was a waxy viscous solid and to prevent 
damage to the filament was not analysed by this method. The EDX attachment 
(Oxford Instrument) was coupled to a SEM. (Leica Stereoscan 430) The system 
consists of a tungsten filament source set at KV=20, ]probe = 1000 to10000 pA at a 

working distance of 25 mm. The filament current was set to 2.76 A and electrons 

were collected using a Back Scatter detector. The data was analysed using the LEO 

(Leica Electron Optics) software version Y02.04B 

2.2 A Study of the Deterioration of the Detergents on Exposure to 

Silica Surfaces 

The presence of alkyl phenol in the methanol/toluene extracts of the overbased and 

neutral phenate on the MCM-41 and silica gel columns is outlined in Chapters 4 and 
5. This suggested an investigation into the source of these observations. The 

overbased and neutral phenate studies showed that on elution with a methanol/toluene 

solution a black band was formed in the solvent front. This was an exothermic 

phenomenon which resulted in a black/red residue in the collection vial, not 
distinctive of the initial green phenate detergent sample placed on column. Similarly, 

the overbased sulphonate elution on the silicate columns resulted in significant 

quantities of neutral sulphonate which were identified by infrared. The following 

experiments were carried out to determine whether the reactions depended on the 

nature of the solvent. 

2.2.1 Neutral Phenate Deterioration Studies 

Into each of seven clean dry vials, neutral phenate stock solution (0.1 ml) of 

concentration 40 mg/ml was pipetted. Mixtures of toluene and methanol (VN) as 

shown in Table 2.2 were added to each vial to give a total of 5 ml, and the visual 

appearance recorded. The samples were than left on a rotator overnight, after which 
the solvent was evaporated using a vacuum oven at room temperature. To each 
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recovered solid sample hexane, (0.3 ml) was added followed by FT-IR analysis and 
the spectrum compared to that of the spectrum of the neutral phenate stock solution. 

Vial Solvent(s) 

1 Toluene 

2 1: 4 Methanol/Toluene 

3 2: 3 Methanol/Toluene 

4 1: 1 Methanol/Toluene 

5 3: 2 Methanol/Toluene 

6 4: 1 Methanol/Toluene 

7 Methanol 

Table 2.2 - The solvent mixtures (V/V) used for the dissolution of neutral phenate. 

A second experiment to determine the effect of the column packing material with the 

neutral phenate was studied and as an example, the silica gel 40 material was used as 

a column packing as no neutral phenate is expected to adsorb on the column with the 

exception of some surface adsorption. A sample of phenate stock solution (1.0 ml) of 

concentration 40 mg/ml was injected on a silica gel 40 column, prepared as shown in 

Chapter 3. The Silica Gel 40 sample was then eluted by hexane, (10 ml) followed by 

methanol (10 ml) and each eluant collected into separate vials. The samples were 

then evaporated using a vacuum oven at room temperature and re-dissolved in 

hexane, (0.3 ml), followed by analysis by infrared. 

The used column packing was analysed by EDX to determine the components 

adsorbed on the surface of the material. The used column packing was removed from 

the column and dried in a drying oven at 75 °C. The packing was then ground into a 
fine powder in an agate mortar and pestle and 5 small samples were placed into 

sample jars, which were submitted for EDX analysis. 

2.2.2 Overbased Sulphonate Micelle Deterioration Studies 

There is evidence from the sorption studies of Chapter 4 that the overbased 

sulphonate micelle is unstable with respect to the silicate packing column. The 

presence of the neutral component in the polar methanol extract of an overbased 

sulphonate sorption suggests that the column packing materials are having an effect 

on the micelle. This section outlines the procedures for determining whether the 

60 



Detergent Analysis Methodology 

overbased sulphonate detergent micelle is unstable or whether there is an amount of 
free neutral detergent present in the overbased detergent. The use of tritiated neutral 

sulphonate was used to determine whether equilibrium exists between the free neutral 

surfactant and the overbased sulphonate detergent. Examination of the stripping of 
the surfactant chains from the carbonate core by elution of overbased sulphonate 

through successive multiple columns allowed analysis of the collected fractions from 

each column. 

2.2.2.1 Overbased Sulphonate Deterioration on Column Elution 

Three columns were prepared using activated 4 nm mesoporous material. (3 x 0.5 g) 
A column was attached to a stand by use of a boss and clamp, and a second column 

prepared with a fresh column packing was placed directly below the first so that the 

eluant from the first column eluted directly into the second column. In a similar 

manner, a third column was set up under the second column with a collection vial 

placed under the third column. (Figure 2.2) Overbased sulphonate detergent solution 
(3 ml, 40 mg/ml) was injected into the first column and hexane (10 ml) was eluted 

through all three columns. The final hexane eluant from column 3 was collected in a 

pre weighed vial and the hexane evaporated. The three columns were then rearranged 

so that they were side by side and each column was then separately eluted by a 

methanol solution containing methanol (50%), toluene (25%) and hexane (25%). The 

residue from each column was collected in separate pre-weighed vials and the solvent 

evaporated in a vacuum oven at 40 °C. All evaporated solvent vials were reweighed 

to determine the recovery from each column which was then analysed by infra red 

studies. The column packing was dried and analysed by infrared and EDX studies. 

61 



Detergent Analysis Methodology 

Stand and clamps 

'f Overbased Sulphonate Sample 

Column 1 

Column 2 

Column 3 

L. ý 
Collection Jar 

Figure 2.2 - Diagram of the experimental set up for the elution of overbased sulphonate to determine 

the degree of stripping of the overbased sulphonate detergent of its neutral component. 

2.2.2.2 Analysis by Infra red 

The recovered solid detergent samples from each column were dissolved in hexane 

(0.3 ml) and analysed using a Shimadzu 8300 infrared spectrometer. The resolution 

of each spectrum was taken at 2 cm's using a potassium bromide cell (0.1 mm). The 

data was analysed using the Hyper IR software used to run the infra red spectrometer. 
The column packing was analysed by thoroughly mixing column packing (0.1 g) with 

potassium bromide (1 g) in a mortar and pestle. A potassium bromide disc was 

compressed as shown in Section 2.1.3 and analysed in a suitable sample holder. 

2.2.2.3 Analysis by EDX 

The mesoporous material columns were dried in a vacuum oven at 50 °C for 12 hours. 

The column packing was transferred to an agate mortar and crushed to a very fine 

powder. A thin layer of each powdered sample was then attached to a sample holder 

and submitted for EDX studies which were analysed 3 times to obtain an average 

composition. 
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2.2.3 Overbased Sulphonate Micelle Deterioration Studies Using 

Radiochemical Labelling 

The use of a radio labelled neutral sulphonate detergent equilibrated with a non active 

overbased sulphonate micelle followed by separation on column would allow an 
investigation of any equilibrium properties existing between the micelle and neutral 
surfactant molecules. 

2.2.3.1 Experimental 

All scintillation samples were analysed using a Tri-Carb 1900 CA liquid scintillation 

analyser. This machine consists of two opposed bi-alkali high performance 

photomultiplier tubes coupled to an optical chamber. Shielding from light sources 

and external background radiation is provided by a light tight detection chamber 

consisting of a 5.0 cm thick lead box and magnetic shielding. The examined region 
for tritium (H-3) were 0.5 keV to 6.0 keV, Region A; 6.0 keV to 18.6 keV, Region B; 

and 18.6 keV to 2000 keV, Region C. Region A was used to calculate the 

concentration of tritium. Regions B and C are used to look for unexpected radioactive 

contaminants in the sample. The procedure for counting involved analysing each 

sample for 5 minutes, repeating each count 3 times and averaging. All data was 

correlated by the PC running the Packard Instruments LSC software. 

Scintillation cocktails used were Hisafe II and Hisafe III. These cocktails contain di- 

isopropyl naphthalene (DIN) which has replaced traditional solvents such as toluene 

or benzene. Hisafe scintillants are useful for organic and aqueous samples with 
Hisafe II having a better affinity for organics as it has a higher amount of DIN. 

Hisafe II and III have the following advantages; high flash point (148 °C), low vapour 

pressure (1 mm Hg at 25 °C), virtually odourless and colourless, low toxicity and 
irritancy (LD50 5,600 mg/kg oral rat), no permeation through plastic vials, 
biodegradable as according to EU directive 79/831 Annex VII, low photo and 

chemiluminescence, high counting efficiency (tritium), good colour and quench 

resistance and no adverse toxicological effects. 
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2.2.3.2 Sample Preparations 

The preparation of detergent samples was carried out in the radiochemical 

laboratories at De Montfort University. The tritiation of the neutral sulphonate was 

carried out at the University of Surrey by Dr Jack Jones as shown in Section 2.2.3.3. 

2.2.3.3 Tritiation of a Sample of Neutral Sulphonate 

The neutral sulphonate was tritiated at the University of Surrey, who used the 

following method. (207-208) To a5 ml Pyrex glass tube, neutral sulphonate (0.26g), 

hexane (3 ml), Raney Nickel (30 mg) and tritiated water (HTO) (1 µl, 5Ci/ml) were 

added. The mixture was frozen in liquid nitrogen, evacuated and the tube flame- 

sealed. The tube was then heated at 110 C for 5 hours. After cooling, the contents 

were diluted in hexane (15 ml). The hexane layer was washed with water (4 x 12 ml), 

dried over Na2SO4 and the solvent was removed by blowing nitrogen gas over the 

solution. The radioactive product (0.206 g) was re-dissolved in hexane (-14 ml). Two 

samples of solution (10 µl) were mixed with scintillant Ecoscint A (5 ml) (National 

Diagonostics) and counted for radioactivity which resulted in 76 kBq out of 0.206g of 

recovered neutral sulphonate using a Packard Tri-Carb 1500 liquid scintillation 

analyser. The sample was returned to De Montfort University where the solid tritiated 

neutral sulphonate salt (206 mg) was dissolved in hexane (5 ml) to give a 

concentrated stock solution. (41.2 mg/ml) 

2.2.3.4 The Effect of Adding Increased Amounts of Overbased Sulphonate 

to Constant Amounts of Tritiated Neutral Sulphonate 

This section examines the effect of adding increasing amounts of overbased 

sulphonate to a set amount of tritiated neutral sulphonate. The increased amount of 

overbased sulphonate present with respect to the tritiated neutral sulphonate would 

mean a greater chance of exchange of an overbased micelle ligand with a tritiated one. 

The sulphonate to carbonate ratio has to be exact in order to maintain stability of the 

micelle otherwise the insoluble calcium carbonate would precipitate out. If the 

tritiated neutral sulphonate is exchanging, the overbased micelle would be radioactive. 
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2.2.3.4.1 Chemicals Required 

Overbased sulphonate solution (40 mg/ml) 
Tritiated neutral sulphonate solution (40 mg/ml) 
Hexane (100 ml) 
Methanol (50%), toluene (25%) and hexane (25%) mixture (100 ml) 
Mesoporous material (4 nm, 0.1 gx 6) 

2.2.3.4.2 Method 

Tritiated neutral sulphonate (0.1 ml) was pipetted into a scintillation vial containing 
hexane (0.9 ml) as a reference which was then sealed and shaken. Overbased 

sulphonate, (0.1 ml, 4.0 mg) was pipetted into a second scintillation vial. Hexane, 0.8 

ml was added followed by tritiated neutral sulphonate (0.1 ml, 4.0 mg). The sample 
was sealed and shaken. A series of scintillation vials were prepared by adding 
increasing amounts of overbased sulphonate to a constant amount of tritiated neutral 

sulphonate (0.1 ml, 4.0 mg) and adjusting the amount of hexane to make up to 1 ml 
The prepared samples are detailed in Table 2.3. 

Sample Number Volume of tritiated 

neutral sulphonate 

used (nil) 

Volume of overbased 

sulphonate used (ml) 

Volume of hexane 

used (ml) 

reference 0.1 0.0 0.9 
1 0.1 0.1 0.8 
2 0.1 0.3 0.6 
3 0.1 0.5 0.4 
4 0.1 0.7 0.2 
5 0.1 0.9 0.0 

Table 2.3 - Solutions containing a constant amount of tritiated neutral sulphonate in contact with 
increasing amounts of overbased sulphonate in hexane. 

The solutions were equilibrated at room temperature and pressure for 24 hours. 
Each sample was separated by use of an individual column of mesoporous material 
prepared as shown in section 4.3.2, and eluted with hexane (9 ml) followed by the 
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methanol toluene and hexane solution (10 ml) The hexane fraction was pipetted as 5 

x2 ml fractions into separate scintillation vials, and filled with scintillation cocktail (8 

ml). This was repeated for the collected methanol, toluene and hexane fraction. The 

10 samples were then counted for their activity in a liquid scintillation counter. Each 

result was then normalised to the reference sample to remove background counts. 

2.2.3.5 The Effect of Adding Increased Amounts of Tritiated Neutral 

Sulphonate to Constant Amounts of Overbased Sulphonate 

Adding increasing amounts of tritiated neutral sulphonate to set amounts of overbased 

sulphonate would result in more neutral component available to exchange with the 

overbased micelle surfactant. If such an exchange is occurring, then the overbased 

micelle would contain increasing amounts of radioactivity. 

2.2.3.5.1 Method 

Overbased sulphonate solution (40 mg/ml) 

Tritiated neutral sulphonate solution (40 mg/ml) 

Hexane (100 ml) 

Methanol (50%), toluene (25%) and hexane (25%) mixture (100 ml) 

Mesoporous material (4nm, 0.1 gx 5) 

Tritiated neutral sulphonate (0.1 ml) was pipetted into a scintillation vial containing 

hexane (0.9 ml) as a reference which was then sealed and shaken. Overbased 

sulphonate, (0.1 ml, 4.0 mg) was pipetted into a second scintillation vial. Hexane, 0.8 

ml was added followed by tritiated neutral sulphonate (0.1 ml, 4.0 mg). The sample 

was sealed and shaken. A series of scintillation vials were prepared by adding 

increasing amounts of tritiated neutral sulphonate to the overbased sulphonate (0.1 ml, 

4.0 mg) and the required amount of hexane to make up to 1 ml. The samples prepared 

are detailed in Table 2.4. 
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Sample Number Volume of tritiated 

neutral sulphonate 

used (ml) 

Volume of overbased 

sulphonate used (ml) 

Volume of hexane 

used (ml) 

reference 0.10 0.00 0.90 

1 0.10 0.10 0.80 
2 0.15 0.10 0.75 

3 0.20 0.10 0.70 

4 0.25 0.10 0.65 

Table 2.4 - Solutions containing increasing amounts of labelled neutral sulphonate in contact with 

constant amounts of overbased sulphonate in hexane. 

The solutions were equilibrated at room temperature and pressure for 24 hours. 

Each sample was separated by use of an individual column of mesoporous material 

prepared as shown in Section 4.3.2, and eluted with hexane (9 ml) followed by elution 

with a methanol toluene and hexane solution (10 ml). The hexane fraction was 

pipetted as 5x2 ml fractions into separate scintillation vials, and filled with 

scintillation cocktail (8 ml). This was repeated for the methanol, toluene and hexane 

fraction. The 10 samples were then counted for their activity in the liquid scintillation 

counter. Each sample was then normalised to the reference sample. Error was 

calculated from Equation 1.29. 
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2.3 Results 

This section examines the data obtained from the methods outlined in Section 2. 

2.3.1 Soxhlet Extraction of Detergent Samples 

The Soxhlet extracted samples were analysed both as the solids obtained after 

evaporation of the hexane solvent from Soxhlet extraction and as detergent solutions 
left in the hexane used to extract the detergent. The solid detergent was observed 

visually then the amount of detergent extracted was determined as a percentage mass 

of the solid detergent lubricant additive package and compared to the data given on 
the health and safety data sheets. 

2.3.1.1 Visual Observation of the Solid Detergents from Soxhlet 

Extraction 

The Soxhlet extracted samples of detergent after evaporation of the hexane to leave 

the solid detergent was inspected visually. 

Detergent Physical Appearance 

Neutral Sulphonate Black in colour, a viscous waxy liquid, tar like 

in nature. 
Overbased Sulphonate Course brown powder which became yellow 

when finely powdered. 

Neutral Phenate A course green brown solid which became 

green in appearance when powdered. 
Overbased Phenate A course green brown solid which became 

green In appearance when powdered. 

Table 2.5 - The visual observations on solid detergent samples retrieved in the Soxhlet extraction 

process. 
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2.3.1.2 Recoveries of the Soxhiet Extracted Detergent Solids 

Results 

The amount by weight of solid detergent obtained from evaporation of the Soxhlet 

extracted solution was examined in the following section. The result would determine 

the composition of solid detergent used in the original additive package. 

2.3.1.2.1 Recovery of Neutral Sulphonate by Soxhlet Extraction 

Initial Mass of Neutral 3.679 4.052 
Sulphonate additive (g) 
Mass of Neutral Sulphonate 1.624 2.326 
Recovered from Extraction (g) 

Recovery of Solid Extract as a 44 57 
Percentage of Total Additive (%) 

Table 2.6 - The percentage recovery of solid obtained from Soxhlet extraction of neutral sulphonate 
detergent additive. 

2.3.1.2.2 Recovery of Overbased Sulphonate by Soxhlet Extraction 

Initial Mass of Overbased 5.176 7.715 

Sulphonate Additive (g) 
Mass of Overbased Sulphonate 2.562 5.019 
Recovered from Extraction (g) 

Recovery of Solid Extract as a 50 65 
Percentage of Total Additive (%) 

Table 2.7 - The percentage recovery of solid obtained from Soxhlet extraction of overbased sulphonate 

detergent additive. 
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2.3.1.2.3 Recovery of Neutral Phenate by Soxhlet Extraction 

Results 

Initial Mass of Neutral Phenate 5.178 6.554 

Additve (g) 
Mass of Neutral Phenate 2.468 3.794 
Recovered from Extraction (g) 
Recovery of Solid Extract as a 61 58 

Percentage of Total Additive (%) 

Table 2.8 - The percentage recovery of solid obtained from Soxhlet extraction of neutral phenate 
detergent additive. 

2.3.1.2.4 Recovery of Overbased Phenate by Soxhlet Extraction 

Initial Mass of Overbased 5.177 5.674 
Phenate Additive (g) 
Mass of Overbased Phenate 2.845 2.499 
Recovered from Extraction (g) 

Recovery of Solid Extract as a 55 44 

Percentage of Total Additive (%) 

Table 2.9 - The percentage recovery of solid obtained from Soxhlet extraction of overbased phenate 
detergent additive. 

2.3.1.3 Solubility Studies of the Solid Soxhlet Extracted Detergents 

The Soxhlet extracted detergent samples were analysed for their ability to dissolve in 

various solvents. This was important in determining which solvents were useful for 

elution of the detergents in a chromatographic separation technique. 
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Solvent Dielectric 

Constant, E 

(Fm 1) 

Neutral 

Sulphonate 

Overbased 

Sulphonate 

Neutral 

Phenate 

Overbased 

Phenate 

Hexane 1.89 S PS* S S 

Toluene 2.44 S S S S 

THE 7.60 S S S S 

Methanol 32.63 I I I 
Ethanol 24.30 I PS I I 
Acetone 20.70 I I I I 

Isopropanol 18.30 I I I I 

Acetonitrile 37.50 I I I I 

diethyl ether 4.33 S I I I 

dichloromethane 9.08 S PS I I 

Water 78.54 1 1 1 1 

Table 2.10 - The solubility of detergent samples in various solvents, showing insoluble (I), soluble (S) 

and partially soluble (PS). 

*Refluxing a solution of overbased sulphonate detergent sample in hexane leads to a 
fully soluble component. 

2.3.1.4 Infrared Analysis of the Solid Detergent Samples from Soxhlet 

Extraction 

The infrared analysis of the Soxhlet extracted solid detergent samples were obtained 
by the preparation of a potassium bromide disc as described in Section 2.1.3. 
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2.3.1.4.1 Neutral Sulphonate 

I 
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Figure 2.3 - The infrared analysis of a solid sample of neutral sulphonate 

Wave number (cm') Assignment 

> 800 r(CH2) 
825 d(CH2) 

1010 d(H-C=C) 

1050 vas(SO3') 

1140 d(H-C=C) 
1210 VS(SO3 ) 

1380 d(CH3) 

1464 vs (CH2) 

1500 vs (CH2) 

1600 vs (CH2) 

Table 2.11 - The infrared assignment of peaks for a spectrum of neutral sulphonate showing the 

rocking (r), bending (d) symmetric (v) and anti symmetric (vs) stretches. 
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2.3.1.4.2 Overbased Sulphonate 

.,: ýý .. ý 

Figure 2.4 - The infrared analysis of a solid sample of overbased sulphonate. 

ee: 

Wave number (cm") Assignment 

> 800 r(CH2) 
825 d(CH2) 
860 d(CO3') 

1010 d(H-C=C) 

1050 vas(SO3') 
1140 d(H-C=C) 

1210 VV (S03') 

1400 -1600 vs (CO3') 

Table 2.12 - The infrared assignment of peaks for a spectrum of overhased sulphonate showing the 

rocking (r), hending (d) symmetric (v) and anti symmetric (vs) stretches. 
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2.3.1.4.3 Neutral Phenate 

,ý 

1 

E 
E 

0 
:: 'QG l60a : öaa 1400 1]a0 lAOa Slaa : 000 DOO e00 ; 'OO e0a 

NýV"ýuR+t1ý^ . E111°iF 

Figure 2.5 - The infrared analysis of a solid sample of neutral phenate. 

Wave number (cm') Assignment 

830 d(C-H) 

1075 vs (C=C) 

1230 vs(C-S) 

1300 vs (Ar-O') Phenolate ion 

1475 vs (CH2) 

Table 2.13 - The infrared assignment of peaks for a spectrum of neutral phenate showing the bending 

(rl) symmetric (v) and anti symmetric (vs) stretches. 
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2.3.1.4.4 Overbased Phenate 
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Figure 2.6 - The infrared analysis of a solid sample of overbased phenate 

Wave number (cm') Assignment 

830 d(C-H) 

860 d (CO3 ) 

1075 vs (C-C) 

1230 vs (C-S) 

1300 vs (Ar-O') Phenolate ion 

1400-1600 vs (CH2) 

Table 2.14 - The infrared assignment of peaks for a spectrum of overbased phenate. 

2.3.2 Composition of Detergents by EDX Surface Analysis 

Results 

Detergent % Calcium (w/w) % Sulphur (w/w) % Oxygen (w/w) 
Overbased Sulphonate 40.5 5.1 54.4 
Overbased Phenate 37.2 11.5 51.4 

Neutral Phenate 31.3 15.2 53.5 
Neutral Sulphonate No Data No Data No Data 

Table 2.15 - The EDX analysis of detergents showing the elemental analysis. 

75 



Detergent Analysis Results 

2.3.3 Dynamic Light Scattering (DLS) Measurements 

2.3.3.1 Overbased Sulphonate 
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Figure 2.7 - The dynamic light scattering plot for an overbased sulphonate detergent dissolved in 

decane. 

2.3.3.2 Overbased Phenate 
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Figure 2.8 - The dynamic light scattering properties of an overbased phenate detergent dissolved in 

decane. 
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Detergent Hydrodynamic 

Radius (nm) 

Hydrodynamic 

Diameter (nm) 

Overbased Sulphonate 7.4 14.7 

Overbased Phenate 2.6 5.2 

Results 

Table 2.16 - The dynamic light scattering properties of overbased detergents dissolved in decane. 

2.3.4 Molecular Simulations 

The following detergent simulation data was obtained using the Molecular modelling 

program Solids Builder, part of the Insight II software package (Accelrys). The 

diagram in Figure 2.9 represents a neutral sulphonate detergent which was drawn in 

Isis Draw and then the 3D transformation was made in RasMol and represents the 

molecule obtained in the molecular modelling package. 

Figure 2.9 -A simulation of the neutral sulphonate detergent molecule 

Distance Length (nm) 

a 4.778 

b 0.495 

Table 2.17 - The molecular simulation bond lengths for a neutral sulphonate detergent molecule. 

2.3.5 Neutral Phenate Deterioration Studies 

The results shown in this section outline the effect of adding a sample of neutral 

phenate to various solvents with and without the presence of a column packing 

material. 
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2.3.5.1 Visual Observations of Neutral Phenate Mixed with Solvents 

Solvent(s) Observation 

Toluene Dissolves fully, clear brown 

solution 
1: 4 Methanol/Toluene Dissolves frilly 

2: 3 Methanol/Toluene Dissolves fully 

1: 1 Methanol/Toluene Dissolves after a short time 

3: 2 Methanol/Toluene Dissolves after a longer time 

than previous. 
4: 1 Methanol/Toluene Brown precipitate, dissolved 

when left overnight 

Methanol Slightly brown solution 

brown/white precipitate 

Table 2.18 - Visual observations of a neutral phenate added to solvent solutions of increasing polarity. 

2.3.5.2 Infrared analysis of Neutral Phenate mixed with Solvent 

The infrared spectra of the solids recovered from the dissolution studies above are 

presented below in Figure 2.10. 
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Figure 2.10 - The infrared analysis of the solids recovered from the dissolution studies of Table 2.18 

showing the reference subtracted (hexane) samples of neutral phenate which had been exposed to 

methanol (. ) 4: 1 methanol toluene (") 3: 2 methanol toluene (") 1: 1 methanol toluene (e)and 2: 3 

methanol toluene (. ) 

2.3.5.3 Infrared Analysis of Neutral Phenate Exposed to a Silica Gel 40 

Column Packing 

1.3 ý- 1 
ABS 1.0 

0.8 
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0.1 

J I11. 
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, 
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Figure 2.11 - The reference subtracted (hexane) infrared spectra of neutral phenate eluted from a silica 

gel 40 column showing the residue obtained in the hexane wash ( ) and the residue obtained in the 

methanol wash (. ). The spectra show a change in the structure of neutral phenate to a new substance 
in the presence of methanol. 
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2.3.5.4 

Results 

The Analysis of the Used Silica Gel 40 Column Packing by EDX 

Studies 

Sample % Calcium % Sulphur 

Blank 0.04 0.01 

1 0.22 0.02 

2 0.33 0.01 

3 0.25 0.01 

4 0.21 0.02 

5 0.22 0.04 

Table 2.19 - The EDX analysis of the silica gel 40 column packing before the experiment (blank) and 5 

random samples taken from the column after elution of neutral phenate 

2.3.6 Overbased Sulphonate Micelle Deterioration Results 

This section outlines the results obtained in determining whether an overbased 

sulphonate micelle loses neutral sulphonate when exposed to a silica column packing. 

2.3.6.1 Overbased Sulphonate Deterioration on Column Elution 

This experiment was described in Section 2.2.2.1. A total of 120 mg of overbased 

sulphonate in hexane was applied to the column and eluted through a total of three 

columns each containing 500 mg of packing material. 

Column Total Recovery in hexane Recovery Total Recovery 

after elution through in Recovery (%) 

columns 1,2 and 3 (mg) methanol (mg) 

solution 
(mg) 

1 8.9 
2 7.1 
3 9.9 
Totals 72.6 25.9 98.5 82.0 

Table 2.20 - The mass recoveries of a sample of overbased sulphonate which has passed through 3 

mesoporous material columns. 
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2.3.6.1.1 Infrared Analysis of Detergent Samples 

4S 
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Results 
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Figure 2.12 - The infrared analysis of the overbased sulphonate deterioration experiment showing the 

hexane fraction (a) and the methanol fractions of Column 1(  ), Column 2 (  ) and Column 3 (  ). 

Peak (cm) Assignment 

862 d (CO3) 

1012 d (H-C=C) (aromatic) 

1050 vas (SO3 ) 

1132 vs (H-C=C) (aromatic) 

1182 vs (SO3 ) 

1250 vs(S-OH) 

Table 2.21 - The infrared assignments of peaks found in the overbased sulphonate micelle deterioration 

experiment. 
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2.3.6.1.2 Infrared Analysis of the 4 nm Mesoporous Material Column 

Packing used in the Overbased Sulphonate Micelle Deterioration 

Studies 

The used column packing was analysed by infrared studies and found to have a broad 

peak between 1400 and 1600 cm-1 characteristic of calcium carbonate. 
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Figure 2.13 - The reference subtracted (MCM41) infra red analysis of 4 nm mesoporous material 

column packing after elution by hexane and methanol solution in the investigation of overbased 

sulphonate deterioration study. The small amounts of sample present have produced a highly 

subtracted spectrum. 

2.3.6.1.3 EDX Analysis of the 4 nm Mesoporous Material Column Packing 

used in the Overbased Sulphonate Micelle Stripping Studies 

Sample % Sodium (w/w) % Calcium (w/w) 

Blank 0.4 0.0 

1 0.5 1.7 

2 0.4 1.4 

3 0.4 1.9 

Table 2.22 - The percentage composition of sodium and calcium by EDX analysis of the 
hydrothermally synthesised 4 nm mesoporous material column packing used in the overbased 

sulphonate deterioration study as above for Figure 2.13. 
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2.3.6.2 Preliminary Radiochemical Equilibrium Studies of an Overbased 

Sulphonate Micelle with Tritiated Neutral Sulphonate 

The preliminary radiochemical analysis of tritiated neutral sulphonate was used to 
determine if an equilibrium exchange reaction between neutral sulphonate and the 

overbased sulphonate micelle is established. 

2.3.6.2.1 The Effect of Adding Increased Amounts of Overbased Sulphonate 

to Constant Amounts of Tritiated Neutral Sulphonate 

Column Amount of 
Overbased 

Sulphonate 

(mg) 

Amount of 

Neutral 

Sulphonate 

(mg) 

Total 

Activity 

in Hexane 

(dpm) 

Error 

(dpm) 

Total 

Activity 

in 

Methanol 

(dpm) 

Error 

(dpm) 

Reference 0.0 4.1 5838 76 72271 269 

1 4.0 4.1 15557 125 62551 250 

2 12.0 4.1 29059 170 49050 221 
3 20.0 4.1 31953 179 46155 215 
4 28.0 4.1 46093 215 32015 179 

5 36.0 4.1 50278 224 27831 167 

Table 2.23 - The effect of adding increased amounts of overbased sulphonate to constant amounts of 
tritiated neutral sulphonate followed by column separation and elution with hexane and methanol. 
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Figure 2.14 - The effect of adding increasing amount of overbased sulphonate to constant amounts of 

tritiated neutral sulphonate followed by separation on column. The hexane extract (") shows increasing 

amounts of tritiated neutral sulphonate and the methanol extract (. ) shows decreasing concentrations of 

tritiated neutral sulphonate 

2.3.6.2.2 The Effect of Adding Increased Amounts of Tritiated Neutral 

Sulphonate to Constant Amounts of Overbased Sulphonate 

Column Amount of 

Overbased 

Sulphonate 

(mg) 

Amount of 

Neutral 

Sulphonate 

(mg) 

Total Activity 

in Hexane 

(dpm) 

Error 

(dpm) 

Total 

Activity in 

Methanol 

(dpm) 

Error 

(dpm) 

Reference 4.0 0.0 3546 60 69404 263 
1 4.0 4.0 6891 83 66059 257 

2 4.0 6.0 7364 86 65586 256 

3 4.0 8.0 13579 117 59371 244 

4 4.0 10.0 14887 122 58063 241 

Table 2.24 - The effect of adding increased amounts of tritiated neutral sulphonate to constant amounts 

of overbased sulphonate followed by column separation and elution with hexane and methanol. 
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Figure 2.15 - The effect of adding increasing amount of tritiated neutral sulphonate to constant amounts 

of overbased sulphonate followed by separation on column. The hexane extract (") shows increasing 

amounts of tritiated neutral sulphonate and the methanol, toluene and hexane extract ( ) shows 
decreasing concentrations of tritiated neutral sulphonate 
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2.4 Discussions 

The following section discusses the results obtained from Section 2.3 

2.4.1 Soxhlet Extraction of the detergent Additives 

The Soxhlet extraction process as described in Section 2.1.1 removes the base oil of 

the additive as a residue which consists of a light brown base fluid with an aromatic 

smell characteristic of a solvent neutral which is commonly used in lubrication 

blends. Solvent neutral is high quality paraffin base oil refined by solvent extraction. 
The Soxhlet extraction shows that most additives contain above 50 % solid detergent 

solubilised in the base oil. The extracted detergent solids are solid powders except for 

neutral sulphonate which is a waxy solid, black in colour similar to tar. These 

properties imply that the alkyl chains are relatively short or branched which leads to 

fewer interactions with adjacent neutral chains which do not pack together well and 

consequently have lower melting points. The average recovery of solid detergent 

was 50.5% recovery from the total additive. The neutral sulphonate health and safety 
data sheet suggests a 40.0% recovery of solid suggesting that base oil is present in 

some of the Soxhlet extracted detergent. The overbased sulphonate has a dark brown 

crystalline appearance and when ground in a mortar and pestle, becomes a fine yellow 

powder. This is an indication of impure calcium carbonate as pure calcium carbonate 
is white. The tinge in colouration is due to the presence of oxidised base oil 
impurities. The recovery of solid detergent was 57.3%. The health and safety data 

sheet gave no indication of the percentage solid contained in the sample. The 

phenate detergents, both neutral and overbased possess a green hue and are solids at 

room temperature showing that although the neutral phenate has a shorter alkyl chain 

than the neutral sulphonate, the sulphur bridge that links the phenate groups forming a 

concerted bidentate ligand allows more uniform packing with adjacent phenate 
detergents. The weak interaction forces such as Van der Waals forces increase 

producing a thermodynamically stable system. If the phenate was not bridged, it 

would be expected to have decreased thermal stability and would be more viscous at 

room temperature. The neutral phenate solid detergent recovery from Soxhlet 

extraction was 49.5 %. The health and safety data sheet suggests a maximum amount 
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of solid as 70.0 %. The overbased phenate recovery was 50.0 %. And the health and 

safety data sheets suggest recoveries between 50.0 to 60.0 %. 

2.4.2 Solubility Studies 

It was shown that all the detergent samples are best dissolved in the presence of 

toluene. The detergents do not dissolve in polar solvents such as water or methanol 

and are very immiscible. This was not unexpected as it was unlikely that the 

hydrophobic chain of the surfactant which has a greater influence than the polar head 

group due to the chain size would mix with polar solvents. The non polar solvents 

such as hexane dissolve the neutral components, producing clear brown solutions 
however; the overbased sulphonate detergent does not dissolve so well in the non 

polar solvents due to the insoluble calcium carbonate core. It was found that 

refluxing a solid sample of overbased detergent in hexane was enough to fully 

solubilise the overbased detergent. 

2.4.3 Infrared Analysis 

The infrared analyses of the detergent samples show a unique array of absorption 

peaks producing a characteristic infrared spectrum of each detergent. 

2.4.3.1 Neutral Sulphonate 

The neutral sulphonate is very infrared active with sharp peaks from the alkyl chain at 

1380,1464 and 1500 cm' which derive from the stretch modes of the C-H bonds. 

The benzene ring is distinguished by aromatic stretches at 1010 and 1140 cm"'. The 

sulphonate group produces stretches at 1210 and 1050 cm''. The assignment of bands 

is shown in Table 2.11. The table and its assignments are well documented and the 

spectrum of Figure 2.3 corresponds very well to the literature sources. (144,147,149) 

2.4.3.2 Overbased Sulphonate 

The overbased sulphonate has a very similar infrared spectrum to the neutral 

sulphonate but has the additional features of a very broad peak between 1350 and 
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1600 cm-1 and a peak at 860 cm-1. These peaks correspond to the calcium carbonate 

core of the overbased micelle. The broad carbonate peak at 1350 - 1600 cm-1 is a lot 

broader than that derived from a pure source of calcium carbonate. (209) This 

broadening is due to electrostatic interactions between the calcium carbonate core and 

the neutral sulphonate ligand. The surfactant chain is known to wrap itself around the 

carbonate core (143) protecting the centre from attack by non polar solvents as the core 
is hydrophilic. The wrapping of chains increases the Van der Waals and London 

dispersive forces which hinder the vibrational and rotational motion of atoms in the 

molecules resulting in a lot of random vibrational states between 1350 and 1600 cm-1. 

The peak therefore appears broad. The carbonate core however has little effect on the 

infra red absorptions of the sulphonate group and aromatic groups which have 

identical peaks to the peaks where no carbonate core is present. The sulphonate head 

group is therefore trapped in a void between the carbonate core to which it has an 

affinity and the alkyl chains surrounding the core. The assignment of overbased 

sulphonate bands is shown in Table 2.12. The table and assignments are well 

analysed and the spectrum corresponds very well to the literature sources. (142-149) 

2.4.3.3 Neutral Phenate 

The neutral phenate was shown to have a very different structure to that of the 

sulphonate detergents. The neutral phenate spectrum shows strong absorptions for 

this detergent but with less well defined peaks. The spectrum has slightly broader 

peaks than the neutral sulphonate, which is a consequence of the more concerted 

structure having more electrostatic forces between molecules affecting the vibrational 

and rotational energies and which disrupts the simple harmonic model of the 

molecule. Although the infrared spectrum of the neutral phenate is well documented, 

few references acknowledge the peak at 1300 cni'. Analysis of infrared peak 

correlation Tables (210) shows this area may coincide with a phenolate ion or a carbon 

- sulphur bond; the phenate detergent molecule possesses both. There is evidence 
from Figure 2.5 that this peak is a doublet and indicates both species. It is likely that 

the more intense peak would arise from the phenolate ion as this is more flexible in 

terms of harmonic motion. The frequency of the absorbed radiation is the molecular 

vibrational frequency which gives rise to the absorption process. A change in dipole 

moment of a molecule is sufficient to produce an infrared absorption but if this dipole 
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moment is affected, the absorption changes. The sulphur bridge is affecting the 

dipole moment of the molecule and hence a change in the harmonic motion due to the 

aromatic ring being bonded by the sulphur bridge. The assignment of the neutral 

phenate band is shown in Table 2.13 and the infrared spectrum corresponds very well 

to the literature sources for this molecule. (131-133,149) 

2.4.3.4 Overbased Phenate 

The overbased phenate detergent has similar infrared absorptions to the neutral 

phenate described in Table 2.13 with differences due to the presence of the calcium 

carbonate core. This gives rise to the broad peak between 1350 and 1600 cm' and the 

peak at 862 cm"'. The broadening of the peak between 1350 and 1600 cm-' is due to 

the interactions of the neutral phenate chains surrounding the core, although the 

chains are shorter and fail to wrap around the core unlike the neutral sulphonate. (133) 

The overbased phenate is again a detergent that has been previously examined by 

infrared analysis. (131-133,147) 

2.4.4 Particle Size Analysis of Detergents by Dynamic Light Scattering 

The particle size analysis of the overbased detergents shows in Table 2.16 that the 

overbased sulphonate is larger than the overbased phenate which is expected as the 

TBN of the overbased phenate is 250 and the TBN of the overbased sulphonate is 

300. This means that more calcium carbonate is incorporated into the core of the 

overbased sulphonate and hence an increased overall size of detergent micelle. The 

phenate micelle is also expected to be smaller due to the smaller chain size. 

Overbased phenate with a 250 TBN and a chain length of C8 have been shown to have 

carbonate core diameters of 1.05 nm with a surrounding surfactant layer of 0.95 nm 

leading to an overbased phenate micelle with a diameter of 2.95 nm by neutron 

scattering studies. (145) The results from DLS at UEA suggest a micelle of diameter 

5.2 nm which is higher than the value quoted above. The results are high as the DLS 

principle examines the hydrodynamic radius (Section 1.10.2) which includes 

solvation by solvent or oil. The overbased sulphonate was shown to have a DLS size 

of 14.7 nm -±- 10 - 15 %. Neutron scattering studies have shown that a 300 TBN 

overbased sulphonate micelle with an alkyl chain length between C12_: 34 has a 
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surfactant layer of 1.9 nm and a core with a diameter of 4.4 nm giving a total micelle 
diameter of 8.2 nm (144) which is lower than of the value obtained by the DLS 
technique. This implies that the hydrodynamic radius is quite large. There is a 
possibility that the overbased sulphonate is coagulating. This would produce larger 

than expected particle sizes as the coagulation of concentrated solution particulates 
resulted in the additive falling out of solution. This is common with solutions with 
the incorrect number of stabilising surfactant molecules surrounding a carbonate core. 
This was observed for concentrated solutions of overbased sulphonate and phenate 

when dissolved in a small alkyl chain solvent such as hexane. The DLS results of 
Table 2.16 were obtained in decane but had been prepared some weeks before 

analysis. Studies of calcium sulphonate aggregation have been examined previously 
and it was found that the aggregate size of calcium sulphonate in hexadecane 

increased with increasing concentration of sulphonate but decreased with increasing 

temperature. A solvent with a larger alkyl chain leads to smaller aggregation sizes 
due to higher solubility and/or weaker interaction among the additive molecules in the 

solvent. Increasing the polarity of the solvent leads to a decrease in the hydrodynamic 

radii. (113) 

2.4.5 Molecular Modelling of Neutral Sulphonate 

Modelling studies on the surfactant chains showed that a neutral sulphonate with an 

alkyl chain length of C= 14 surrounding a calcium ion has a chain length of 4.78 nm 

and a width of 0.49 nm. There is free rotation of the sulphonate around the calcium 

and a molecule could exist as a planar, linear molecule. This would allow the lowest 

energy state to be achieved which was calculated at -381.344 kJ mol"'. 

2.4.6 Detergent Composition by EDX 

The surface analysis of the detergent solid samples by EDX was used as an indication 

of the elemental composition. It was noted from Table 2.15 that all the detergents 

analysed have calcium, oxygen and sulphur present. The overbased detergents have a 
higher amount of calcium than the neutral phenate. This would be explained by the 

calcium carbonate core present in both overbased components. However, the EDX 

technique only examines the electrons emitted from the top few layers of a solid 
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relating to a few microns in depth and the beam would therefore have to penetrate the 

neutral surfactant chains surrounding the overbased carbonate core to examine fully 

the whole profile of the carbonate core. The neutral phenate contains only a slightly 
lower amount of calcium in the molecule than the overbased phenate suggesting that 

the calcium carbonate core is only partially detected. Sulphur present in the 

overbased sulphonate is a result of the sulphonate group. The amount of sulphur 

present in the overbased and neutral phenate was over twice that found in the 

sulphonate micelle suggesting the presence of the sulphur bridge and literature values 

for the amount of sulphur in a bridge can be expected to be five, (133) compared to the 

single sulphur in each sulphonate head group. The reduction in sulphur in the 

overbased phenate from that of the neutral phenate may be due to the interaction of 

the surfactant chains with the calcium carbonate core. The effect of the micelle on the 

scattered electrons would have a dampening effect. The amount of sulphur detected in 

the overbased sulphonate gave the lowest amount of sulphur and is explained by the 

low amount of sulphur in the structure compared to the phenate detergents. 

2.4.7 Neutral Phenate Deterioration in the Presence of Silica Gel 40 

The results from Table 2.18 suggest that the polar solvent in the absence of the silica 

column packing does not change the structure of the neutral phenate to alkyl phenol as 

the infrared spectra of the neutral phenate is unchanged as shown by Figure 2.11. The 

colloidal suspension formed when polar solvent is added to the detergent in hexane is 

a result of the hexane and detergent being immiscible with methanol forming an 

emulsion when shaken. When the neutral phenate samples in hexane were exposed to 

a column containing silica gel 40, no reaction was observed. The addition of 

methanol however produced a chemical reaction on the column. It was observed that 

the adsorbed phenate was desorbed and eluted down the column but that the colour of 

the detergent had changed from green/brown to black/red. The column was hot to the 

touch within the area of the elution band suggesting that an exothermic reaction had 

occurred. Analysis of the residue from the methanol fraction by infrared showed a 

structural change from the original phenate structure. Submission of the observed 
infrared spectrum to an online spectral database (214) (FT-IR search. com) revealed the 

structure to be an alkyl phenol related compound. Figure 2.16 (a) shows the structure 

and Figure 2.17 the spectra of 4-methylthiophenol obtained from the online database. 
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This structure incorporates all the factors associated with an alkyl phenol molecule 
(Figure 2.16 b) including sulphur representing the sulphur bridge, the alkyl chain and 
the presence of phenol. 

OH 

ý 

Sa 
I 

b 

Figure 2.16 - a) the structure of 4- methylthiophenol and b) the suggested structure of alkyl phenol. 

Other possible structures are shown in Table 2.25 with the most likely structures listed 

first. 

Compound Probability (%) 

4- (Methylthio) phenol 31.1 

3-(4-Hydroxyphenyl)proplonitrile 30.6 

4-Hydroxybenzenethiol 30.1 

4-Hydroxyphenethyl alcohol 28.7 

Bisphenol A 28.6 

4-Bromo Phenol 28.2 

4-Ethyl Phenol 27.8 

Table 2.25 - Likely structures of the unknown compound obtained from the online infrared database 

search. 

It is noted from the sample spectrum in Figure 2.11 that the phenolate ion peak at 
1300 cm-' has been lost due to formation of phenol. The presence of a phenolic OH 

vibration at 1275 cm"' is now present. (210) A peak at 1175 cm' has appeared which 

can be associated to the C-O bond (210) that has freedom of movement if the calcium 
ion has been released. The peak at 1290cm' may be explained by the carbon - 
sulphur bond which is now less hindered between the aromatic rings due to the loss of 
influence of the calcium ion. (210) The spectrum of 4-(methylthio)phenol in Figure 

2.17 does not show the carbon sulphur bond. 
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Figure 2.17 -The infrared spectrum of 4-(methylthio)phenol. 

Discussion 

The EDX analysis in Table 2.19 of the used silica gel column packing after elution of 

the neutral phenate by methanol suggests the presence of calcium on the column 

which was not present on the unused column. This does not prove that the calcium is 

a result of free calcium removed from the phenate by reaction with the column or 

whether it is due to strongly adsorbed calcium phenate. Sulphur concentrations on the 

silica gel packing are not significant suggesting the calcium is free from the original 

detergent but the sulphur detection may be below the EDX limits. Sorption studies of 

neutral phenate in hexane on silica gels do exhibit high percentage recoveries with 

only low concentrations of calcium detected on the silica gel. It is assumed that due 

to the presence of phenol and not phenate in the methanol elution that the calcium is 

removed from the phenate and left on the acid sites of the material. It is proposed that 

on elution of a neutral phenate through a silica gel column it is adsorbed on the 

external surface of the silica gel by adsorption of the surfactant chain to the acidic 

silanol groups lining the silicate surface. (75,215,216) The introduction of methanol to 

the system promotes solvation of the exposed calcium cation. The calcium cation is 

exposed because the phenolate is constrained owing to the sulphur bridge, with the 

result that attraction of the phenolate to the calcium ion is effectively on one side. 

The reduction of attraction between the new solvated calcium ion and the phenolate 

enables the proton of the silanol group to attack the oxygen of the phenolate. The 

calcium cation at the same time is interacting electrostatically with the oxygen atom 

of the silanol group with the resultant protonation of the phenolate to give the alkyl 

phenol. (Figure 2.18) The formation of the phenol is the exothermic process observed 
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and on elution with further solvent the phenol is washed off the column while the 

calcium cation is retained on the external surfaces. 
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-O Figure 2.18 - The 2 dimensional schematic of the proposed mechanism of deterioration of calcium 

phenate to alkyl phenol on a silica surface in the presence of methanol. The diagram shows silicon ("), 

oxygen ("), calcium ( ), carbon (of methanol) ("), and hydrogen (. ) 

2.4.8 Deterioration of Overbased Sulphonate on Column Elution 

The mass recoveries of Table 20 indicate that 25.9mg of neutral sulphonate is 

extracted in the methanol fraction in total from the 3 columns. This equates on 

average to 8.6 mg of neutral sulphonate per column obtained from 120 mg of the 

initial overbased sulphonate sample used. This contributes a loss of 8.8 % of neutral 

sulphonate from the overbased micelle per column. If there was any free neutral 

sulphonate present in the initial overbased sample, it would be expected that the first 

column would retain the most neutral sulphonate by weight. This is not true 

indicating that each column is stripping approximately the same amount of neutral 

sulphonate from the overbased micelle. For the whole system, (combining both 

methanol and hexane extracts) 82% of the overbased sulphonate was recovered giving 

a total loss of 18 %, 6% per column. 
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2.4.8.1 Analysis by Infrared Studies 

Infrared analysis was used to verify that the neutral sulphonate was indeed the 

component found in the polar solvent extract. The infrared spectrum of Figure 2.12 

shows the overbased sulphonate has eluted in the hexane fraction as indicated by the 

peak at 860cm' (dCO3 ). The analysis of the methanol solution fractions of each 
individual column reveals the presence of only the neutral sulphonate. The carbonate 

core represented by a peak at 862 cm- 1 is not present for the polar solvent fractions. 

The peaks associated with the alkyl aryl chain and sulphonate group at 1012,1050, 

1132 and 1182 cm'' are present in all the collected fractions. A small peak at 1262 

cm-' in the methanol fractions is characteristic of an O-H vibration suggesting that 

sulphonic acid may be present. The infrared analysis of the used mesoporous material 

column packing of this overbased sulphonate stripping experiment is shown in Figure 

2.13 and shows a broad peak at 1600 -1350 cm' corresponding to a carbonate peak. 
The smaller band at 861 cm"' is not present, suggesting that the absorbance of 

carbonate is below the detection limits in this infrared region, the alkyl aryl 

sulphonate chain is also not detected. 

2.4.8.2 EDX Surface Analysis of the Used Column Packing 

The EDX results of Table 2.22 show that the surface of the mesoporous material 
before exposure to an overbased detergent has a small percentage of sodium ions due 

to sodium hydroxide used in the synthesis procedure but no calcium. The surface 

analysis of the mesoporous material of each of the three columns after exposure to 

overbased sulphonate followed by elution with hexane and a polar solvent shows no 
increase in the amount of sodium present, but a significant increase of calcium ions. 

This is a clear indication that the micelle is unstable when exposed to the mesoporous 

material and that calcium carbonate from the overbased micelle is adsorbed on the 

material. EDX is a surface only technique and therefore suggests that the gain in 

calcium arises from the presence the calcium carbonate core on the external surface of 
the mesoporous material. It is possible that as the calcium carbonate core was 

stripped of its surfactant chains, it was able to enter the internal pores of the MCM-41 

material as the diameter of the core is 2-3 nm and the pore diameter of the 

mesoporous material is 4 nm. The experiments suggest interaction of surfactant chain 
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with the mesoporous material and resultant stripping from the carbonate core as 
shown by Figure 2.19. 
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Figure 2.19 - The stripping of an overbased sulphonate micelle of its neutral surfactant by column 
interaction showing silicon ("), oxygen (. ), the carbonate core (. ) and the sulphonate head groups () 

2.4.9 Analysis by Radiochemical Labelling 

This section discusses the results obtained from preliminary radiochemical studies on 
the equilibrium between neutral and overbased sulphonate detergents. 

2.4.9.1 Increasing the Amount of Overbased Sulphonate to Constant 

Amounts of Tritiated Neutral Sulphonate 

Increasing the amount of overbased sulphonate in the system increases the likely hood 

of possible sites on the overbased micelle being available for tritiated neutral 

sulphonate to exchange with. This would be in accordance with the Le Chatelier- 
Braun principle which states that if any change of conditions is imposed on a system 
at equilibrium, then the system will alter in such a way as to counteract the imposed 

change. (217) At high overbased sulphonate concentrations, it is possible that the 

neutral sulphonate could be lost from the overbased micelle by disaggregating. It is 

expected that if no exchange is taking place, then tritiated neutral sulphonate will only 
elute in the methanol fraction. The reference sample of Table 2.23 shows that even 
with no overbased sulphonate (ref sample) some tritiated neutral sulphonate does 
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elute in the hexane wash of the mesoporous column material. The results of Table 
2.23 and Figure 2.15 show that there is a sharp increase of tritiated neutral sulphonate 

present in the hexane fraction which suggests exchange between the surfactant of the 

overbased micelle and the tritiated neutral sulphonate. The loss of activity in the 

methanol solution fraction verifies the gain in activity in the hexane fraction. It is 

possible that the gain in activity on the overbased micelle is due to saturation by the 

tritiated neutral component on vacant sites of the overbased micelle (aggregation), but 

if such sites were available, the overbased sulphonate would drop out of solution as its 

solubility decreases due to the lack of attached neutral ligands required for electro 

neutrality. It is suggested that the micelle aggregation number of the overbased 

sulphonate ranges from 8- 25 surfactants. (113,121) The chance of the overbased 

micelle having a large electronic deficit for additional neutral sulphonate is unlikely. 

2.4.9.2 Increasing the Amount of Tritiated Neutral Sulphonate to 

Constant Amounts of Overbased Sulphonate 

Increasing the amount of tritiated neutral sulphonate to constant amounts of overbased 

sulphonate could result in aggregation of the neutral sulphonate to the overbased 

sulphonate micelle. The amount of neutral sulphonate present would increase the 

aggregation number around the overbased micelle. The results show that the amount 

of activity in the hexane fraction increases in a stepwise fashion with increasing 

amounts of tritiated neutral sulphonate (Figure 2.24 and Table 2.16). This suggests 

that the neutral sulphonate is either aggregating on the overbased micelle core to 

increase the aggregation number, but this would result in additional charges induced 

on the carbonate core causing instability. Alternatively an exchange between the 

neutral sulphonate associated with the overbased micelle and the tritiated neutral 

sulphonate is occurring. The exchange process is likely as micelle solutions generally 

exist as a dynamic association between surfactant and micelle. 
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3.0 The Synthesis of Mesoporous Materials 

The following section details the procedures used in the experimental synthesis of 

mesoporous materials. The mesoporous materials are synthesised using an organic 

surfactant as template, in this case, a divalent surfactant. The synthesis of the divalent 

surfactant involved a multistage process starting with the reaction of bromoeicosane 

with dimethylamine to give eicosyl dimethylamine. This was further reacted with (3- 

bromopropyl) trimethylammonium bromide to give the doubly charged divalent 

surfactant. Addition of the divalent surfactant to water results in micellisation to form 

spherical micelles which act as the template for the condensation of 

tetraethylorthosilicate to give a hexagonal siliceous material. Hydrothermal reactions 

condense the silicate to produce the porous material which is filtered and calcined to 

remove the organic surfactant template. 

3.1 The Synthesis of Eicosyl Dimethylamine 

(CH3)2NH + C2oH41Br - C2oH41N(CH3)2 + HBR 

HBr+KOH- KBr+H20 
Equation 3.1 

3.1.1 Chemicals Required 

Bromoeicosane (Aldrich) 

Ethanol (Fisher) 

Dimethylamine (Aldrich) 

Potassium Hydroxide (Lancaster) 

3.1.2 Procedure 

Into a three-neck flask, bromoeicosane, (21.66 g) was dissolved by continuous stirring 

in ethanol, (300 ml) at a temperature of 55-60 °C. Dimethylamine was bubbled 

through the solution at this temperature for 6 hours. The system was excluded of air 

and equilibrated at 55-60 °C for 1 week. Potassium hydroxide, (4.00 g) was then 

added and the solution refluxed at 78 °C for 24 hours. The sample was cooled and 
filtered with a Buchner funnel. Universal PH indicator paper was wetted by some of 
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the synthesis filtrate solution which showed the solution to be acidic, indicative of the 

residual hydrogen bromide which is a by product obtained in the reaction. The solid 

was washed with an ethanol: methanol (100 ml) mixture of ratio 1: 1. The solvents 

were removed in a rotary evaporator and the solid product dried. A sample of 
bromoeicosane and the synthesised eicosyl dimethylamine was analysed by electron 
impact mass spectrometry, Infrared and NMR spectroscopy. (Yield = 84%) 

3.2 The Synthesis of Divalent Surfactant (C 20.3.1) Template 

C20H41 N (CH3) 2+ (CH3)3N(C3H6Br)Br 

3.2.1 Chemicals Required 

Ethanol (Fisher) 

Acetone (Fisher) 

Eicosyldimethylamine (DMU) 

(3-Bromopropyl) trimethylammonium bromide (Aldrich) 

3.2.2 Procedure 

Br Br" 
ýH3 CH3 

I +ýýýCH3 

CH3 CH3 

Equation 3.2 

Into a 500-m1 round bottom flask, eicosyldimethylamine and (3-bromopropyl)- 

trimethylammonium bromide, (18.8 g) were dissolved in ethanol, (350 ml). The 

golden brown solution was refluxed for 4 days, at 78 T. The product was cooled and 

the solvent removed with a rotary evaporator. The crystalline material was re- 

crystallised with warm acetone. The product was filtered and washed on a Buchner 

funnel, dried and weighed. The sample was analysed by infrared and NMR 

spectroscopy. (Yield 73 %) 
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3.3 The Synthesis of Mesoporous Material 

The mesoporous material was prepared by 2 different methods, a hydrothermal 

synthesis and a room temperature synthesis. The aim of each synthesis was to 

produce mesoporous materials of pore size 2 nm, 4 nm and 6 nm. 

3.3.1 Hydrothermal Synthesis of Mesoporous Materials 

The hydrothermal synthesis of MCM-41 to obtain materials with pore sizes of 2,4 

and 6 nm is detailed below. 

3.3.1.1 Chemicals Required 

Tetraethylorthosilicate (Lancaster) 

Octadecyltrimethylammonium Bromide (Aldrich) 

Divalent Surfactant C 20-3-1 (DMU) 

Double Distilled water (DMU) 

Sodium Hydroxide (Fisher) 

1,3,5-Trimethylbenzene (Aldrich) 

3.3.1.2 Synthesis of a4 nm Mesoporous Material 

Into a clean dry plastic beaker, octadecyltrimethylammonium bromide, (1.56g) and 
divalent surfactant C 20-3-1, (1.07g) were mixed in double distilled water, (270g) and 

stirred for 30 minutes. Sodium Hydroxide, (2g) was added and stirred for a further 

120 minutes. Tetraethylorthosilicate, (20.8g) was added and slowly stirred for 120 

minutes. The milky suspension was placed into an autoclave at 100 °C for 3 weeks. 
The solution was filtered and washed thoroughly with double distilled water, (100ml). 

The sample was dried in an oven at 100 T. The solid mesoporous material was 

calcined at 350 °C for 3 hours in a tube furnace under flowing nitrogen and then 

cooled. The sample was transferred to a muffle furnace where the sample was heated 

to 100 °C at 5 °C/min and held for 3 hours before ramping the temperature to 550 °C 

at I °C/min. The d-spacing of the mesoporous material was characterised by X-ray 

diffraction studies at the University of Manchester Institute of Science and 
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Technology (UMIST). Surface analysis was performed at the University of 
Wolverhampton and pore size distribution was performed at Micrometrics. 

3.3.1.3 Synthesis of a2 nm Mesoporous Material 

Mesoporous materials with a pore size of 2 nm were produced by the method shown 
in Section 3.3.1.2 but the method excluded the divalent surfactant. The amount of 

octadecyltrimethylammonium bromide used was increased to 2.74 g. The samples 

were analysed as the 4 nm material. 

3.3.1.4 Synthesis of a6 nm Mesoporous Material 

Mesoporous materials with a pore size of 6 nm were produced by the same method as 

above in Section 3.3.1.2 but with the addition of 1,3,5-Trimethylbenzene, (13.92g) 

added to the synthesis mixture after the addition of sodium hydroxide. Analysis was 

as for the 4 nm material. 

3.3.2 Room Temperature Synthesis 

The room temperature synthesis of MCM-41 to obtain a material with a pore size of 

4 nm is detailed below. 

3.3.2.1 Chemicals Required 

Cetyltrimethylammonium Bromide (CTAB) (Lancaster) 

Ammonia Solution (35 %, 0.14 M) (Fisher) 

Tetraethylorthosilicate (Aldrich) 

Double Distilled Water (DMU) 

3.3.2.2 Procedure 

Cetyltrimethylammonium bromide (CTAB) was finely powdered in a mortar and 

pestle. The CTAB powder (3.07 g) was added to a clean dry plastic beaker and 
dissolved using a flea and stirrer in double distilled water (120 g). To the stirring 
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solution, aqueous ammonia (6.8 g) was added and left to agitate for 60 minutes. 
Tetraethylorthosilicate (10 g) was then added dropwise using a burette, over a period 

of 15 minutes and the mixture was stiffed for a further 60 minutes. The solution was 
filtered using a Buchner funnel and washed twice with double distilled water (2 x 100 

ml). The powder was transferred to a silicate dish and placed in a muffle furnace 

where it was dried at 90 °C for 12 hours and then calcined by increasing the furnace 

temperature to 550 °C (1°C/min) and held at this temperature for 5 hours. The 

calcined mesoporous material was analysed by XRD, surface analysis and infrared 

spectroscopy. 

3.4 Characterisation Techniques 

The following techniques were used to characterise the products in the synthesis of 

the surfactant template and in the production of mesoporous materials. 

3.4.1 Mass Spectrometry (MS) 

All electron impact mass spectrometry measurements were carried out in conjunction 

with Dr N Ostah at De Montfort University's mass spectrometry laboratory. Analysis 

was carried out on a VG Trio III spectrometer fitted with a quadruple detector with a 
detection maximum of 10,000 D. The sample was placed into a quartz sampling tube 

which was ionized on a Tungsten element at 200 T. The system was evacuated to 

produce a vacuum of 10"5 mm of Hg by a diffusion pump. A mass spectrum was 

produced showing mass to charge ratio (m/z) against relative abundance or percentage 
intensity. 

3.4.2 Nuclear Magnetic Resonance Spectrometry (NMR) 

All 'H-NMR studies were carried out in conjunction with Dr Mike Needham at De 

Montfort University. A few milligrams of sample were dissolved in a reference 

solution containing 50 % deuterated chloroform and 50 % dimethylsulphoxide and 

analysed on a Bruker 250 MHz machine. The Bruker 250 used the ADAKOS 

software version 8902010 to run the system and the data was analysed by the 

spectroscopy software DISNMR/P 9404010. 
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3.4.3 Infrared Analysis (IR) 

The infrared analysis was initially obtained on a Nicolet 205 FT-IR instrument. This 

machine was later replaced with a Shimadzu 8300 series machine controlled by a PC 

using the supplied Hyper IR software. Samples of the mesoporous material were 

analysed by preparation of potassium bromide (KBr) discs containing a few 

milligrams of mesoporous material in a gram of potassium bromide. 

3.4.4 Surface Analysis 

Surface analysis was carried out in conjunction with Dr Craig Williams, and Dr 

Catherine Round at the University of Wolverhampton. Samples were analysed on a 
Coulter SA 3100 surface analyser at 77 K for 3-4 hours. Samples were degassed at 
383 K for 30 minutes. A selection of samples were analysed by Steve Coulson of 
Micromeritics on a Tri-Star 3000 Surface analyser which operates within the pressure 

range of 0 to 999 mm Hg with a resolution within 0.05 mmHg at an accuracy within 
0.5% and measures surface areas as low as 0.01m2/g. Samples were degassed at 373 

K for 3 hours then analysed at 77.35 K where adsorption/desorption isotherms were 

obtained over 12 hours. 

3.4.5 X-Ray Powder Diffraction (XRPD) 

Samples of mesoporous materials were analysed by Dr Merfyn Jones, at the 

University of Manchester Institute of Science and Technology, (UMIST). All the 

experiments were carried out on a Scintag XDS2000 Diffractometer using Copper 

radiation having a wavelength of 1.5406 A. Since the Scintag diffractometer is 

equipped with an EG&G Ortec GLP series solid state detector, which discriminates 

between X-rays of differing energies, no monochromator is fitted. The diffractometer 

was run in the theta-theta mode, i. e. the tube and detector move around the prescribed 

angular range, the sample being mounted on a static platform. The goniometer radius 

was 250mm, the slits used were 2mm, and 4mm tube slits, and 0.5mm, and 0.3mm 

detector slits. The experimental results were processed using the Scintag proprietary 

software package DMS200 V3.43 running on a DEC Microvax 3100 computer. 
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3.5 Characterisation of Surfactant Template 

This section characterises the products formed in the synthesis of the surfactant 
template. This includes all of the steps in the synthesis of the surfactant required as a 

templating agent for the siliceous mesoporous materials. 

3.5.1 The Characterisation of Synthesised Eicosyl Dimethylamine 

The synthesis of eicosyl dimethylamine was confirmed by infrared analysis, nuclear 

magnetic resonance spectroscopy and mass spectrometry. 

3.5.1.1 Analysis by Infrared 

The infrared spectra of the initial reactants were collected with the exception of 
dimethylamine which is a very toxic, explosive gas and analysis outside of a fume 

cupboard would not have been accepted by COSHH regulations. 
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Figure 3.1 - The infrared spectrum of pure bromoeicosane (Aldrich) 
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Peak (cm') Characterisation 

650 d(C-H2Br) 
700 d(C-H) 

1200 vs(C-Br) 
1450 vas (C-H) 

2800 vs(C-H) 

Table 3.1- The infrared absorptions of bromoeicosane. 

4000 3i0o ]! 00 Koo 1400 1000 1800 1100 1400 1100 1000 800 600 
W. v. numNr ben-a7 

Figure 3.2 - The infrared analysis of the synthesised eicosyl dimethylamine 

Peak(s) (cm') Characterisation 

700 d(C-H) 

1000 -1200 d(C-H) 

1040 v(C-N) 
1270 v(C-N) 
1450 vs (C-H) 

1600 v(N-H) 
2500 vs(N-H) 
2600 - 3000 vas (C-H) 

Table 3.2 - The infrared absorptions of eicosyl dimethylamine 
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3.5.1.2 Analysis by Nuclear Magnetic Resonance Spectroscopy 

ppm 
3.0 1.0 0.5 0.0 2.5 2.0 

ppm 

1.5 

Figure 3.3 - The 'H NMR spectrum of Bromoeicosane (Aldrich) 

Peak(s) 

(ppm) 

Characterisation Integration 

0.85 CH3-CH, 3.0 

1.25 C-(CH2)18-C 31.5 

1.45 CH3CH2 2.1 

1.75 CH2-CH2-Br 1.9 

3.4 CH2-Br 1.9 

Table 3.3 - The lH NMR characterisations of bromocicosane. 
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ý 

ppm 7.0 6.0 5.0 4.0 

Figure 3.4 - The 'H NMR spectra of cicosyl dimcthylaminc 

3.0 2.0 

_-j i 

1.0 

Peak(s) (ppm) Characterisation Integration 

0.85 CH3CH2 3.0 

1.15 C-(CH2)18-C 20.4 

1.25 CHZCH; 2.5 

2.00 (CH3)2N 5.8 

'! 'ahlc 3.4 - The'H NMR characterisations of eicosyl dimethylamine 
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3.5.1.3 Analysis by Mass Spectrometry 

ý$. ý 

Figure 3.5- The mass spectrum of bromoeicosane 

Peak(s) (Mass) Characterisation 

360 C20H41Br' 

281 Czo1141' 

183 C7HISBr+ 

135 C4H8Br` 

80 Be 

57 C4H8 

41 C3HHS` 

Table 3.5 - The mass spectrum of bromoeicosane 
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Figure 3.6 - The mass spectrum of the synthesised eicosyldimethylamine. 

Peak(s) (Mass) Characterisation 

325 C20H41N(CH3)2+ 

100 (CH2)4-N(CH3)2+ 

86 (CH2)3-N(CH3)2+ 

72 (CH2)2-N(CH3)2+ 

58 CH2-N(CH3)2+ 

44 (CH3)2 N+ 

Table 3.6 - The mass spectrum of eicosyl dimethylamine 

3.6 Characterisation of Divalent Surfactant (C 20-3.1) Template 

The synthesis of divalent surfactant was confirmed by infrared analysis and nuclear 

magnetic resonance spectroscopy. Mass spectrometry was not used due to the low 

volatility of the divalent surfactant. 
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3.6.1 Analysis by Infrared 

Results 

This section examines the infrared analysis of compounds and products obtained in 

the synthesis of the divalent surfactant. 

3.6.1.1 The Infrared Analysis of (3-bromopropyl) Trimethylammonium 

Bromide 

o' 11F11111+111111it 
4000 1000 3>f00 5000 2100 1000 1000 1100 1100 1100 1000 000 400 

rMvlnualNO Iclrs7 

Figure 3.7 - The infrared spectrum of (3-bromopropyl) trimethylammonium bromide 

Peak(s) (cm) Characterisation 

831 v(C-N) 
800 -1200 d(CH) 

1040 v(C-N) 
1170 vs(C-Br) 
1270 v(C-N) 
1475 d(CH2) 

3400 vas(CH2) 

Table 3.7 - The infrared characteristics of (3-bromopropyl) trimethylammonium bromide 
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3.6.1.2 The Infrared Analysis of Synthesised Divalent Surfactant 

MOO 3200 i$00 Moo woo 1000 1200 1400 1200 1000 
M. v. numI4r 112m-a7 

Figure 3.8 - The infrared spectra of the divalent surfactant 

Peak(s) (cm') Char 

>1000 d(C-1 

1175 d(NC 

1040 vs(C- 

1600 vs(C1 

2800-3000 vas(C 

3500 vas(O 

Table 3.8 - The infrared analysis of the divalent surfactant. 

I. I. I. 

Peak(s) (cm') Characterisation 

>1000 d(C-H) 

1175 d(NCH3)3 

1040 vs(C. N) 

1600 vs(CH2) 
2800-3000 vas(C-H) 
3500 vas(O-H) 
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3.6.2 Analysis by Nuclear Magnetic Resonance Spectroscopy 

I 
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 

ppm 

Figure 3.9 -The 'H NMR spectrum of (3-hromopropyl) trimethylammonium bromide 

Peak(s) (ppm) Characterisation Integration 

2.4 C-CH2_N 2.0 

3.15 C-CH2_C 0.9 

3.3 (CH3)3 9.0 

3.55 Br-C-CH2 2.0 

3.75 Br-CH2 2.0 

Table 3.9 -The 
1H NMR Characterisation of (3 Bromopropyl) trimethylammonium bromide. 
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ppm 
Figure 3.10 - The lH NMR spectrum of the synthesised divalent surfactant 

Peak(s) (ppm) Characterisation Integration 

0.80 CH3 (Surfactant Chain) 3.0 

1.19 (CH2)1H (Surfactant Chain) 35.0 

1.25 CH2-N (Surfactant Chain) 2.0 

1.70 CH2N(CH1)2(CH2)3N 1.7 

2.40 CH2N(CH3)2 1.8 

3.18 N(CH3)2 6.6 

3.20 N(CH3)2 5.5 

3.3 N-(CH3)3 8.2 

3.4 (CH1)2N-(CH2)(CH2)1 2.0 

3.5 N-C-CH2-C-N 2.0 

3.6 N(CH1)2-CH2(CH2)2N-(CH2)1H 2.0 

Table 3.1(1- The 1H NMR characterisation of the synthesised divalent surfactant. 

113 



The Synthesis of Mesoporous Materials Results 

ppm 

ppm 

Figure 3.1 1- The NMR 2D 1H COSY of the synthesised divalent surfactant. 

3.7 The Characterisation of Mesoporous Materials 

This section examines the results obtained from the characterisation of the 

mesoporous materials prepared by hydrothermal and room temperature syntheses. 

Powder X-ray diffraction, nitrogen surface studies including BET analysis and BJH 

pore size distribution and infrared spectroscopy were used. 
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3.7.1 Analysis of a2 nm Mesoporous Material 

The 2 nm mesoporous material (Sample 1 of Table 3.11) prepared by a hydrothermal 

synthesis method was examined by powder x-ray diffraction for determination of the 

d �H) spacing and the unit cell value a,, 

3.7.1.1 Powder X-ray Diffraction Studies of a Calcined 2 nm Mesoporous 

Material 

X-ray diffraction of Sample I showed that the calcined material had a d� x) spacing of 
0 4.6 nm (46 A). 

0 

d Spacing (A) 

CD 

-,. 

A 

Scattering Angle (20) 

Figure 3.12 - The XRD pattern of the 2 nm mesoporous material. 

3.7.1.2 Variation of the d-spacing of a Calcined 2 nm Mesoporous 

Material 

The dl(m) spacing of calcined 2 nm mesoporous material from powder X-ray 

diffraction was examined for batch to batch variation and the results given in Table 

3.11. 
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Sample Number Batch number d-spacing 

(nm) 

a� 

(nm) 

1 081100 4.6 5.3 

2 221100 4.4 5.1 

3 041200 4.4 5.1 

4 010600 3.3 3.8 

Table 3.1 1- The sample to sample variation of d-spacing for different hatches of synthesised 2 nm 

materials. 

3.7.2 Analysis of a4 nm Mesoporous Material 

The 4 nm mesoporous material (Sample 5 of Table 3.14) prepared by hydrothermal 

synthesis was examined by infrared studies on the calcined and uncalcined material. 

Powder X-ray diffraction studies examined the dux) spacing of the material and 

nitrogen surface studies examined the surface area pore volume and pore size 
distribution. 

3.7.2.1 Infrared Analysis of Calcined and Uncalcined 4 nm Mesoporous 

Material 
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Figure 3.13 - The infrared spectrum of uncalcined 4 nm mesoporous material 
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Peak(s) (cm) Characterisation 
2800-3100 vas(CH2) 
2400-3600 (Broad) vas(OH) 
1060 vs(Si-O-Si) 
952 d(Si-OH) 

790 d(Si-O-Si) 

Table 3.12 - The infrared characterisation of an uncalcined 4 nm mesoporous material synthesised by a 
hydrothermal method. 
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Figure 3.14 - The infrared spectrum of calcined 4 nm mesoporous material synthesised by a 
hydrothermal method. 

Peak(s) (cm") Characterisation 

2400-3600 (Broad) vas(OH) 
1060 vs(Si-O-Si) 
952 d(Si-OH) 

790 d(Si-O-Si) 

Table 3.13 - The infrared characteristics of a calcined 4 nm mesoporous material synthesised by a 
hydrothermal method. 
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3.7.2.2 X-ray Diffraction of a Calcined 4 nm Mesoporous Material 

X-ray diffraction of Sample 5 of Table 3.14 showed that the calcined material has a 

d �p) spacing of 5.9 nm, (59 A). 
0 

d Spacing (A) 

CD 

, -. 

Scattering Angle (20) 

Figure 3.15- The XRD pattern of a calcined 4 nm mesoporous material. 

3.7.2.3 Variation of the d, 00 spacing of a Calcined 4 nm Hydrothermal 

Synthesised Material 

The hatch to batch variation of the d))x) spacing and unit cell a,, of the 4 nm 

mesoporous materials was examined in Table 3.14. 

Sample Number Batch Number d-spacing 

(nm) 

a� 

(nm) 

5 120301 5.9 6.8 

6 090401 6.0 6.9 

7 300401 6.1 7.0 

Table 3.14 - The hatch to batch variation of d-spacing for calcined 4 nm mesoporous material 

synthesised by a hydrothermal method. 
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3.7.2.4 Nitrogen Adsorption Studies of a Calcined 4 nm Mesoporous 

Material 

The calcined 4 nm mesoporous material (Sample 5) was analysed by BET surface 

analysis to obtain the surface area and pore size distribution by the BJH method. 

3.7.2.4.1 Nitrogen BET Studies on the Calcined 4 nm Mesoporous Material 

Surface analysis of the 4 rim material (Sample 5) shows the sample to have the 

parameters expected so as to be classed as mesoporous. (100) The adsorption- 
desorption isotherm shows the material follows a Type IV isotherm and suggests the 

material has mesopores with a narrow pore distribution. (Section 1.6.4) 
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Figure 3.16 -A Langmuir isotherm plot showing the nitrogen adsorption and desorption abilities of a 

calcined 4 nm mesoporous material synthesised by a hydrothermal method. 

119 



The Synthesis of Mesoporous Materials Results 

3.7.2.4.2 Variation of the BET Surface Area of a Calcined 4 nm 
Hydrothermal Synthesised Material 

The batch to batch variation in nitrogen BET surface area of the calcined 4 nm 
material was examined in Table 3.15. 

Sample number Batch Number BET Surface Area (m /g) 

5 120301 700 

6 090401 542 

7 300401 602 

Table 3.15 -A summary of the nitrogen BET surface analysis of different batches of calcined 4 nm 
hydrothermal synthesised materials. 

3.7.2.4.3 Pore Size Distribution of the Calcined 4 nm Mesoporous Material 

by the BJH Method 

The pore size distribution by the BJH method was described in Section 1.6.4 and 

when applied to the 4 nm calcined mesoporous material (Sample 5) showed in Figure 

3.17 that this particular material has two defined pore sizes centred at 2.8 nm and 4.8 

nm. The summary of the BET surface area and the adsorption pore diameter is shown 
in Table 3.16. 

BET Surface Are- %g) 

BJH Adsorption Average Pore Diameter (nm) 

700 

4.8 

Table 3.16 - The nitrogen surface analysis of calcined 4 nm hydrothermal synthesised mesoporous 

material 
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Figure 3.17 - The BJH adsorption pore volume of a calcined 4 nm hydrothermal synthesised material. 

3.7.3 Analysis of a Calcined 6 nm Mesoporous Material 

The 6 nm mesoporous material was examined by powder x-ray diffraction studies to 
determine the d-spacing of the material and nitrogen surface studies examined the 
BET surface area and the BJH pore size distribution. 

3.7.3.1 X-ray Diffraction of a Calcined 6 nm Mesoporous Material 

X-ray diffraction (Sample 7 of Table 3.17) showed that the calcined material had a 
d1oo spacing of 8.3 nm, (83A). 
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Figure 3.18 - Powder x-ray diffraction pattern of a calcined 6 nm mesoporous material and suggests 

that the sample is rather amorphous. 

3.7.3.2 Variation of the d, 00 Spacing and Unit Cell Spacing of a Calcined 6 

nm Hydrothermal Synthesised Material 

The batch to batch variation of the dl(x) spacing and unit cell a0 of the 6 nm 

mesoporous materials was examined in Table 3.17. 

Sample Batch number d-spacing 

(nm) 

ao 

(nm) 

7 081201 8.3 and 11.4 9.6 and 13.2 
8 290301 6.0 6.9 

9 150401 No data No data 

10 160501 No data No data 

Table 3.17 - The hatch to hatch variation of d-spacing for calcined 6 nm mesoporous material 

synthesised by a hydrothermal method. 

122 



The Synthesis of Mesoporous Materials Results 

3.7.3.3 Nitrogen Adsorption Studies of a Calcined 6 nm Mesoporous 

Material 

The calcined 6 nm mesoporous material (Sample 7) was characterised by BET surface 

analysis and Samples 7 and 8 for pore size distribution by the BJH method. 

3.7.3.3.1 Nitrogen BET Studies on the Calcined 6 nm Mesoporous Material 

The surface analysis of the 6 nm material (Sample 7) shows the sample to have the 

parameters expected so as to be classed as mesoporous (100). The adsorption- 
desorption isotherm plot shows the material follows a Type 4 isotherm and suggests 
the material has mesopores with a significant pore distribution. (Section 1.6.4) 
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Figure 3.19 -A Langmuir isotherm plot showing the nitrogen adsorption and desorption abilities of a 

calcined 6 nm mesoporous material synthesised by a hydrothermal method. 

3.7.3.3.2 Variation of the BET Surface Area of a Calcined 6 nm 

Hydrothermal Synthesised Material 

The batch to batch variation in the BET nitrogen surface area is shown in Table 3.18 
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Sample Number Batch Number BET Surface Area (m /g) 

7 160501 209 

8 081201 283 

9 150401 432 

10 290301 309 

Table 3.18 -A summary of the BET surface analysis of different calcined 6 nm hydrothermal 

synthesised materials. 

3.7.3.3.3 Pore Size Distribution of the Calcined 6 nm Mesoporous Material 

by the BJH Method 

The 6 nm calcined mesoporous material (Sample 7) shows a broad pore size 
distribution centred at 8.8 nm. A shoulder at 5.0 nm suggests that a smaller pore size 

corresponding to some 4 mn mesoporous material formation. 
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Figure 3.20 - The BJH adsorption pore volume of a calcined 6 nm hydrothermal synthesised material. 

BET Surface Area (m /g 

BJH Adsorption Average Pore Diameter (nm) 

293 

8.8 

Table 3.19 - The nitrogen BET surface analysis and the BJH Pore diameter of a calcined 6 nm 
hydrothermal synthesised material. 
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Additional pore size data was obtained on Sample 8 at Quantachrome U. K. This 

material exhibited defined d1m spacing peaks at 6.0 nm whereas the pore size 
distribution by a BJH method clearly shows two separate pore size distributions at 
4 nm and 5.5 nm (Figure 3.21). 
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Figure 3.21 - The pore size distribution of Sample 8, a calcined 6 nm mesoporous material. 

BET Surface Area (m% g) 

Adsorption Pore Size (nm) 

432 
5.5 

... 
5000 

Table 3.20 - The nitrogen surface analysis of a6 nm hydrothermal synthesised mesoporous material 

3.7.4 Room Temperature Synthesis of a4 nm Mesoporous Material 

The 4 nm mesoporous material produced by the novel room temperature synthesis 

method was characterised by x-ray diffraction studies, BET surface analysis and BJH 

pore size distribution. The surface analysis of the 4 nm room temperature synthesised 
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material shows the sample to have the parameters expected so as to be classed as 

mesoporous. ("') The adsorption-desorption isotherm plot shows the material follows 

it Type IV isotherm and suggests the material has mesopores with narrow slit shaped 

pores. (Section 1.6.4) This material has a higher surface area than all of the materials 

produced by the hydrothermal method. 

3.7.4.1 X-ray Diffraction of the Calcined 4 nm Room Temperature 

Synthesised Mesoporous Material 

X-ray powder diffraction of the room temperature synthesised (Sample 11) showed 

that the calcined material had a dim spacing of 3.7 nm, (37 A). 
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Figure 3.22 - The XRD pattern of the calcined room temperature synthesised material. 

3.7.4.2 Variation of the djo() spacing of a Calcined 4 nm Room 

Temperature Synthesised Material 

The hatch to hatch variation in the XRD dux) spacing and a(,, the unit cell size was 

examined as shown in Table 3.21. 
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Sample Number Batch Number dl00 (nm) ao 
(nm) 

11 110701 3.7 4.3 

12 230701 3.8 4.4 
13 160701 3.6 4.2 

Table 3.21 - The variation in batch to batch di(x) spacing and unit cell length (a�) by powder x-ray 
diffraction of the calcined 4 nm room temperature synthesised material 

3.7.4.3 Nitrogen Adsorption Studies of a Calcined 4 nm Room 

Temperature Synthesised Mesoporous Material 

The calcined 4 nm mesoporous material (Sample 11) was analysed by BET surface 

analysis of the pore area and for pore size distribution studies by the BJH method. 

3.7.4.3.1 Nitrogen BET Studies on the Calcined 4 nm Room Temperature 

Synthesised Mesoporous Material 

The surface analysis of the room temperature material shows the sample to be within 

the parameters expectable to be classed as mesoporous. (100) 
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Figure 3.23 -A Langmuir isotherm plot showing the nitrogen adsorption and desorption abilities of a 
4 nm mesoporous material synthesised by a room temperature method. 

3.7.4.3.2 Variation of the BET Surface Area of a calcined 4 nm 
Room Temperature Synthesised Material 

The batch to batch variation in the BET surface area is shown in Table 3.22 

Sample Number Batch Number BET Surface Area (m /g) 

11 110701 672 

12 230701 828 

13 160701 941 

Table 3.22 - The variation in batch to batch synthesis of the BET surface area for the 4 nm room 
temperature synthesised material 
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3.7.4.3.3 

Results 

Pore Size Distribution of the 4 nm Room Temperature Synthesised 

Mesoporous Material by the BJH Method 

The pore size distribution of the 4 nm calcined room temperature synthesised 

mesoporous material of Sample 11 shows that this particular material has a pore size 
distribution centred at 3.3 nm. 
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Figure 3.24 - The BJH adsorption pore volume of a calcined 4 nm room temperature synthesised 

material 

BET Surface Area m /g 

BJH Adsorption Average Pore Diameter (nm) 

917 

3.3 

Table 3.23- The nitrogen surface analysis of a calcined 4 nm room temperature synthesised 

mesoporous material 

3.7.5 Characterisation of the 4 nm Mesoporous Material from Mobil 

The 4 nm Mobil material (MZ1362) differs from the siliceous synthesised materials 
by having aluminium incorporated in the framework with a silicon to aluminium ratio 

of 40: 1. 
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3.7.5.1 X-Ray Diffraction of the Mobil Reference Sample (MZ1362) 

X-ray powder diffraction of Sample 14 showed that the calcined material had a dim 

spacing of 5.2 nm, (52 A). 
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Figure 3.25 - The XRD analysis of the Mobil Corporation material. 
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3.7.5.2 Nitrogen Adsorption Studies of 4 nm Mobil Corporation 

Mesoporous Material (MZ1362) 

The calcined 4 nm Mobil Corporation mesoporous material (Sample 14) was analysed 

by BET surface analysis and for pore size distribution studies by the BJH method. 

3.7.5.3 Nitrogen BET Studies on the Calcined 4 nm Room Temperature 

Synthesised Mesoporous Material 

The surface analysis of the 4 nm Mobil Corporation mesoporous material Sample 14 

shows that the adsorption-desorption isotherm plot of the material follows a Type IV 

isotherm and suggests the material has mesopores with a narrow pore distribution. 

(Section 1.6.4) 

/', 
ý .f . +', ý 

130 



The Synthesis of Mesoporous Materials 

a. ý. ý 
'i 

vr- 

-. - 

"Y'- 

1'r. . 

rv- 

r 
, 

:A 

.. / ý 

I 
i 

ýtiJý 

ý, 
d 

ý�''ýý . .. _.. 

r y.. 

Results 

Relative Pressure (P/Po) 
Figure 3.26 -A Langmuir isotherm plot showing the nitrogen adsorption and desorption abilities of a4 

nm mesoporous material from Mobil 

3.7.5.4 Pore Size Distribution of the 4 nm Mobil Corporation 

Mesoporous Material by the BJH Method 

The pore size distribution of the 4 nm Mobil Corporation mesoporous material of 
Sample 14 shows that this particular material has a pore size centred at 4.6 nm. 
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Figure 3.27 - The BJH adsorption pore volume of the calcined Mobil Corporation material. 
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BET Surface Area (m /g) 403 

BJH Adsorption Average Pore Diameter (nm) 14.6 

Table 3.24 - The nitrogen surface analysis of the Mobil Corporation Material 

3.7.6 Summary of X-ray Powder Diffraction, Surface Analysis and Pore 

Volume of Mesoporous Materials 

Calcined Mesoporous Sample Pore Size BET Surface dl00- ao 

Material Sample Number Adsorption Area spacing (nm) 

(nm) (m2/g) (nm) 

2 nm Hydrothermal 1 No Data No Data 4.6 5.3 

Synthesis 

4 nm Hydrothermal 5 4.8 700 6.0 6.9 

Synthesis 

6 nm Hydrothermal 7 8.8 432 8.3 and 9.6 and 13.2 

Synthesis 11.4 

4 nm Room 11 3.3 917 3.7 4.3 

Temperature Synthesis 

Mobil 4 nm Material 14 4.6 403 5.2 5.9 

(MZ-1362) 

Table 3.25 -A summary of the characterisation results of the various mesoporous materials. 
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3.8 Discussions 

This section examines the degree of success in the synthesis of the divalent template 

surfactant and the mesoporous materials. It also examines the results obtained for the 

d-spacing, pore size distribution and surface area of the calcined mesoporous 

materials. 

3.8.1 Synthesis of Eicosyl Dimethylamine 

The successful synthesis of eicosyl dimethylamine can be confirmed by infrared, 

NMR and mass spectrometry. 

3.8.1.1 Infrared Studies 

The infrared spectrum and band assignments of bromoeicosane are shown in Figure 

3.1 and Table 3.1 and show the C-Br vibrational band at 650 cm-1. (210) The infrared 

spectrum of eicosyl dimethylamine (Figure 3.2 and Table 3.2) show that the band at 

650 cm -1 has been lost as bromine is removed from bromoeicosane during the 

formation of eicosyl dimethylamine. The appearance of additional vibrational bands 

in the range of 2800 - 3000 cm" in the spectrum of eicosyl dimethylamine indicates 

the presence of an amine group. (210) The infrared spectrum of eicosyl dimethylamine 

has weak peaks at 830,1190 and 1040 cm-1 which is characterized as v(C-N) 

vibrational bands. (218) 

3.8.1.2 Nuclear Magnetic Resonance Spectroscopy 

The 1H NMR spectrum of bromoeicosane (Figure 3.3) compared to eicosyl 

dimethylamine (Figure 3.4) shows the effect of bromide removal by loss of the triplet 

at 3.5 ppm in the spectrum of bromoeicosane. The effect of adding a nitrogen group 

to form eicosyl dimethylamine has produced a strong peak at 2.0 ppm arising from the 

hydrogen attached to nitrogen. (210) 
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3.8.1.3 Mass Spectrometry 

Bromoeicosane and eicosyl dimethylamine were examined by electron impact mass 

spectrometry. 

3.8.1.3.1 Mass Spectrum of Bromoeicosane 

The electron impact mass spectrum of bromoeicosane is shown in Figure 3.5. The 

molecular mass of bromoeicosane is 361 and a molecular ion peak with a mass to 

charge ratio of 360 is present. The fragmentation pattern assignments are identified in 

Table 3.5. The fragmentation process of an aliphatic halide involves cleavage of the 

carbon-carbon bond adjacent to the halide forming a molecular ion at M/Z = 94 and is 

shown in Equation 3.3. (210) 

R -' CH? I 8r; 
ý 

op CH2 Br: --r' CHZ - Br: 
00 00 00 

Equation 3.3 

The prominent peak at 135 is identified as a cyclic structure of C4H8Br+ which is 

formed as a consequence of the fragmentation process shown by Equation 3.4 and is 

common in aliphatic halides. (210) 

: er+ 

R CH2 H2C CH2 
CCH2" 

-R ̀ 

I\I H2C-CH2 H2C-CH2 

Equation 3.4 

A loss of hydrogen bromide, possibly by 1,3 elimination gives a peak at M/Z = 81 is 

present leaving the hydrocarbon chain of C4Hs + at M/Z = 57. (210) 

3.8.1.3.2 Mass Spectrum of Eicosyl Dimethylamine 

The mass spectrum of eicosyl dimethylamine is shown in Figure 3.6 and has a 

molecular ion peak at M/Z = 325 which corresponds to the molecular mass of eicosyl 
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dimethylamine. Aliphatic amines give rise to a molecular ion peak with an odd M/Z 

value due to presence of a single nitrogen ion and from the nitrogen rule (233) which 

states that: All odd-electron (radical) ions have an even M/Z value unless they 

contain an odd number of nitrogen atoms. This rule is applicable because nitrogen has 

an even mass and an odd valence. All other elements generally encountered in organic 

mass spectrometry either have even masses and even valences or odd masses and odd 

valences. The fragmentation pattern of eicosyl dimethylamine shows the molecular 
ion represented by an ion of CH3(CH2)19N(CH3)2+, with a series of other fragments 

less an M/Z of 14, characteristic of the loss of a CH2 group. (210) Each major fragment 

consists of a group of surrounding smaller peaks which are characteristic of ions with 

the general formula of C,, H2i+1, C�H2r and C. H2n_1 surrounding the original ion of 
formula, C�H2� N(CH3)2. Because of the very facile cleavage to form the base peak, 

the fragmentation pattern in the eicosyl dimethylamine becomes weak. The long 

chain present in the molecule leads to the formation of cyclic arrangements as shown 
in Equation 3.5. (210) 

+ i1 

R=CH2 N(CH3)2 s R" + CH2 N(CH3)2 

L(CH2)n IJ L(CH2)nJI 

Equation 3.5 

3.8.2 The Synthesis of Divalent Surfactant (C 2oa. 1) Template 

The successful synthesis of divalent surfactant can be confirmed by comparison of the 

infrared and NMR spectroscopy of eicosyl dimethylamine, (3-bromopropyl) 

trimethylammonium bromide and the divalent surfactant. 

3.8.2.1 Infrared Studies 

The infrared analysis of the (3-bromopropyl) trimethylammonium bromide is shown 
in Figure 3.7 with the vibrational band assignments in Table 3.7 which shows bands at 
830,1040 and 1270 cm' corresponding to v(C-N) (218) which was also present in the 

spectrum of eicosyldimethylamine. The vibrational band associated with N-CH3 is 

shown as a peak at 1430 cm"'. This peak is very variable in position, depending on 
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the compound examined, and relatively weak in intensity. Observations of the v(C-N) 
bands at 830,1040 and 1270 cm"' are noted for alkyl amines from previous infrared 

studies. 
(218) 

The infrared spectrum of divalent surfactant is shown in Figure 3.8 and the vibrational 
band assignments are shown in Table 3.8. Analysis shows that the alkyl chain 

vibrations occur at 2800 and 2900 cm"', (v(C-H)) 1475 cm-1 (d(C-H))and 725 cm-1 
(r(CH2)) which are characteristic of all alkane chains. (210) The C-N vibrations at 

1040 cm-1 and 1260 cm" are now weak and Raman spectroscopy would be more 

suited for observation of such vibrations. (218) A broad peak of medium intensity is 

situated at 3500 cm-1 which may arise from (O-H) vibrations relating to the sample 

being wet. 

3.8.2.2 Nuclear Magnetic Resonance Spectroscopy 

The 1H NMR spectrum of Figure 3.9 is that of (3-bromopropyl) trimethylammonium 

bromide. The integration shows the trimethyl group as a peak at 3.3 ppm. The 'H 

NMR studies on the divalent surfactant show a compound with a different NMR 

spectrum than that of the starting compounds of eicosyl dimethylamine and (3- 

bromopropyl) trimethylammonium bromide. The NMR spectrum of Figure 3.10 of 

divalent surfactant shows the presence of an eicosyl chain at 1.2 ppm which gives the 

highest proton count due to the length of the C 20 surfactant chain. The eicosyl 

dimethylamine surfactant chain is bonded to the nitrogen atom of the (3- 

bromopropyl) trimethylammonium chain. The 2D COSY spectrum of divalent 

surfactant is shown in Figure 3.11 and correlates the obtained electron density map to 

associated adjacent peaks such as the peaks at 2.4 ppm of the amine group with the 

peak of 3.6 ppm which is the carbon chain of the CH2 group attached to the C20 chain 

(Equation 3.6). 

CH3 

(CH3)3N+ (CH: )3 N+-CH2-(CH2)18CH3 
CH3 

2.4 ppm 3.4 ppm 

Equation 3.6 
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3.8.3 The Characterisation of the Mesoporous Materials 

The formation of a silica material can be identified easily with the use of infrared 

studies as these materials have an infrared band at 825-1200 cm"' which is broad and 
signifies silicon oxygen interactions. There is a slight broadening of bands between 

2500 and 3000 cm"' which is characteristic of O-H vibrations of either adsorbed water 

or surface silanol groups. (1 The infrared analysis of mesoporous material after 

synthesis shows the presence of surfactant template present. This is shown as 

vibrations of vs(CH2) at 2600 and 2800 cm''. The calcination of the mesoporous 

material shows the loss of the organic template peaks leaving only the characteristic 

silica peaks described previously. 
The determination of pore size distribution and surface area was determined by both 

powder diffraction and nitrogen BET and BJH techniques. The powder diffraction 

studies give the material d-spacing whilst the nitrogen adsorption studies produces 
information on the surface area of the material and allows the pore size distribution to 

be calculated. The pore wall thickness can be estimated by subtraction of the average 

pore size distribution from the values obtained in determining the d(loo) spacing. 

3.8.3.1 Characterisation of a2 nm Mesoporous Material 

The 2 nm material was analysed by powder x-ray diffraction to determine the d- 

spacing values. 

3.8.3.1.1 Powder X-ray Analysis of the Calcined 2 nm Mesoporous Material 

The 2 nm mesoporous material was shown to have ad (lam) spacing of 4.6 nm as 

shown in Figure 3.12. The d-spacing values of the d(> >o) and d(2W) planes are shown at 
2.6 and 2.2 respectively. The variation in d (100) spacing from batch to batch studies of 
the 2 nm material is shown in Table 3.11 and suggests that the synthesis procedure 

outlined in Section 3.3.1.3 is suitable for synthesising a reproducible material with a 
d-spacing of 4.4 nm. Previous synthesis of this material by the Stucky group suggests 

ad (0oo) spacing of 3.8 nm and a pore size of 3.0 nm suggesting an amorphous silica 

pore wall of 0.8 nm. (49) The Mobil Corporation suggests that a d-spacing for a similar 

pored material synthesised using a slightly smaller surfactant chain of 
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cetyltrimethylammonium bromide (CTAB) produces ad (100) spacing of 3.5 nm and 
has a pore wall of 0.3 nm. (40) Although no nitrogen surface studies were undertaken, 
if the pore wall is assumed to be 0.8 nm than the pore size range is between 2.5 and 
3.8 nm. 

3.8.3.2 Characterisation of a4 nm Hydrothermal Synthesised Mesoporous 

Material 

The 4 nm mesoporous material synthesised using the hydrothermal method outlined 
in Section 3.3.1.2 was analysed by infrared studies of the calcined and uncalcined 

material, powder x-ray diffraction and nitrogen surface studies. 

3.8.3.2.1 Infrared Analysis of the 4 nm Hydrothermally Synthesised 

Mesoporous Material 

Infrared analysis of the 4 nm material before calcination is shown in Figure 3.13 and 

shows a large broad peak between 950 and 1300 cm" characteristic of a silicon oxide 

material. (219.221) A peak at 2800 cm"' is indicative of the divalent surfactant present as 

this band is characteristic of the organic groups present. (210) The calcined sample is 

shown in Figure 3.14 and reveals the loss of the organic peaks at 2800 cm"'. A new 
broad peak has appeared between 3200 - 3700 cm .1 demonstrating the presence of 

silanol groups in the mesoporous structure (77.79) and the water content adsorbed 

within the pores. (77,210) 

3.8.3.2.2 X-ray Diffraction of the Calcined 4 nm Hydrothermally 

Synthesised Mesoporous Material 

The x-ray powder analysis of Figure 3.15 showing the calcined 4 nm materials has a 
d(loo) peak at 6.0 nm. Determination of the batch to batch variation in d(, oo) spacing 

reveals the average value as 6.0 nm as shown in Table 3.14. Mesoporous materials 

previously synthesised using the same divalent surfactant by the Stucky group 

suggests a d-spacing of 5.4 nm. (49) The peaks at 3.6 and 3.0 nm relate to the planes of 
d1 j0 and d200 respectively. 
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3.8.3.2.3 Surface Analysis of the Calcined 4 nm Hydrothermally 

Synthesised Mesoporous Material 

The nitrogen adsorption/desorption study of Figure 3.16 shows that the calcined 4 nm 
hydrothermally synthesised material follows a Langmuir Type IV isotherm and 

suggests the material has mesopores with a narrow pore size distribution. The BET 

surface area of the calcined 4 nm material shows a surface coverage of 680 m2/g 

nitrogen. The pore size distribution of Figure 3.17 of the calcined 4 nm mesoporous 

material suggests an average pore size of 4.8 nm. Previous gas adsorption studies on 

materials synthesised by the method described in Section 3.3.1.2 suggests pore size 
distributions of 4.6 nm and BET surface areas in the region of 500 - 700 m2/g. (49) 

3.8.2.4 Summary of the Characterisation of the 4 nm Material 

The infrared analysis of the calcined 4 nm hydrothermal synthesised material showed 

that a silica material was present both before and after calcination. Calcination 

removes the organic template used in the synthesis procedure. The x-ray diffraction 

pattern suggests a hexagonal phase material with a dloo spacing of 6.0 nm. The pore 

size distribution shows an average pore size of 4.4 nm resulting in a material with a 
1.6 nm thick pore wall. This is consistent with previous literature values from 

research groups studying these materials. (38-45) 

3.8.3.3 Characterisation of a6 nm Hydrothermal Synthesised 

Mesoporous Material 

The calcined 6 nm hydrothermally synthesised material was characterised by x-ray 
diffraction to obtain a d-spacing value for the d, 00 plane and nitrogen adsorption 

studies to determine the BET surface area and pore size distribution. 

3.8.3.3.1 X-ray Diffraction Studies on the 6 nm Hydrothermal Synthesised 

Mesoporous Material 

The 6 nm mesoporous materials were unusual in that XRD patterns were not well 
defined, most samples failed to produce a pattern. Previous x-ray diffraction 
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performed on materials synthesised by the method shown in Section 3.3.1.4 have 

shown patterns with a d, 00 value in the region of 6.3 nm. (49) 

3.8.3.3.2 Nitrogen Adsorption Studies on the 6 nm Hydrothermal 

Synthesised Mesoporous Material 

The nitrogen adsorption/desorption study of Figure 3.19 shows that the calcined 6 nm 
hydrothermally synthesised material follows a Langmuir Type IV isotherm and 

suggests the material has mesopores with a significant pore distribution. The surface 

area of the material by nitrogen BET studies suggests that the surface has an area of 
300 m2/g, which was less than the equivalent 4 nm material which had a surface area 

of 480 m2/g. This is explained by the larger pore diameter resulting in fewer surfaces 

available for the nitrogen to adsorb. Previous work by the Stucky group using a 

similar divalent surfactant as template to produce a mesoporous material resulted in a 

surface area of 1086 m2/g which is considerably higher than that of the 4 nm and the 6 

nm hydrothermally synthesised materials synthesised at DMU. (49) The BJH pore size 
distribution for the 6 nm material (Sample 7) shown in Figure 3.20 suggests a wide 

pore size distribution centred on a pore size of 8.8 nm. The BJH pore size distribution 

of Sample 8 shows two defined pores of diameter 4.0 nm and 5.5 nm which are the 

result of micelles formed by the addition of the trimethylbenzene swelling agent in the 

synthesis. The larger pore size results from the inclusion of the swelling agent within 
the micelle and the smaller pore size from those micelles formed without swelling. 
Sample 8 is more characteristic of the material formed by the Stucky group. (49) The 

surface area of MCM produced by the Stucky group is still higher than that of this 

work for the 4 nm material due to the Stucky group material possibly having a more 

microporous surface than those synthesised at DMU. 

3.8.3.3.3 Summary of the Characterisation of the 6 nm Material 

The synthesis method for obtaining a large pore material from the use of an organic 

auxiliary swelling agent does not produce a mesoporous material that has a 
reproducible pore size. The BET surface analysis suggests a lower than expected 
surface area compared to literature values. (49) The pore size distribution shows the 

materials analysed have either a large pore size distribution in the order of 8.8 nm or 
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have two defined pores at 4.0 nm and 5.5 nm. The x-ray diffraction patterns of the 

material show undefined d-spacing values and probably means that an amourphous 

silica has been synthesised. 

3.8.3.4 Characterisation of a Calcined 4 nm Room Temperature 

Synthesised Mesoporous Material 

The calcined 4 nm room temperature synthesised material was characterised by x-ray 
diffraction to obtain the d100 spacing and nitrogen adsorption studies to determine the 
BET surface area and pore size distribution. 

3.8.3.4.1 X-ray Diffraction Studies on the Calcined 4 nm Room 

Temperature Synthesised Mesoporous Material 

The calcined 4 nm room temperature synthesised material gave an x-ray diffraction 

pattern with a dioo peak at 3.7 nm. The d»o and d2oo spacing appear at 2.2 nm and 1.8 

nm respectively. Previous studies on the x-ray diffraction of such room temperature 

synthesised materials with a pore size centred on 4 nm had dloo values ranging from 

3.6 nm (222) to 4.6 nm. (223) 

3.8.3.4.2 Surface Analysis on the Calcined 4 nm Room Temperature 

Synthesised Mesoporous Material 

The room temperature synthesised material gave the highest surface adsorption of all 
the mesoporous materials. The average BET surface area by nitrogen studies showed 

an average nitrogen adsorption of 800m2/g. Literature values for the room 

temperature synthesized materials have suggested surface area values in the order of 
1114m2/g (222) and 1220m2/g (223) for nitrogen BET studies. The pore size distribution 

of Sample 11 is shown in Figure 3.24 and reveals a defined peak with a pore size 

centred at 3.3 nm by nitrogen adsorption. Literature values for materials synthesised 

using this method suggest the pore size distribution was centred at 3.5 nm. (223,224) 
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3.8.3.4.3 Summary of the Characterisation of the 4 nm Room Temperature 

Synthesised Material. 

The 4 nm room temperature synthesised material suggests smaller d, 00 spacing and 

pores size distribution than the 4 nm hydrothermal material. This is a result of the 

silanol content of the materials. A room temperature synthesised material has a 
flexible framework in terms of the amount of silanol groups available for further 

condensation reactions. (Section 1.3) The hydrothermal treatment of a sample of a 

room temperature material promotes the condensation reaction described in Section 

1.3 which produces a rigid framework due to the silicon oxygen silicon bonds formed 

as silanol groups react. A consequence of losing the silanol groups to form the silicon 

oxygen linkage is a contraction of the pore walls which produces a larger pore 
diameter. (49) This hydrothermal condensation reaction of room temperature gels has 

been studied by Dong Ho Park who examined the changes in the acidity of the 

reaction solution due to the reaction of Equation 3.7. 

> Si-O- + H-O-Si E !:; )Si-O-Si E+ OH" 
Equation 3.7 

For the formation of a siliceous zeolite (general) it was noted that the pH abruptly 
increases during the nucleation period however during the formation of MCM-41 with 

the reaction solution of molar composition 0,10-0.50 CTACI: 0.14 - 0.22 TMAOH: 

20-35 H2O shows a constant decrease in pH during crystallisation due to the 

dissolution of the neutral silica source driving the reaction of Equation 3.7 to the left. 

The charge of the silicate polyanions are balanced by the cationic micelle head group 

and the formation of the )Si-O-Si( units continue via the reaction of Equation 3.8. 
(225) 

) Si-OH + HO-Si (=) Si-O-Si E+ OH2 
Equation 3.8 

As a result of equation 3.7 and 3.8 the pH continues to decrease until crystallisation is 

complete at pH 10. 
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3.8.3.5 Characterisation of a4 nm Mesoporous Material from Mobil 

The calcined 4 nm material from Mobil (Si/Al = 40/1) was characterised by x-ray 
diffraction to obtain the d, m spacing and nitrogen adsorption studies to determine the 
BET surface area and pore size distribution. 

3.8.3.5.1 Characterisation by X-ray Diffraction of the Mobil Mesoporous 

Sample 

The x-ray diffraction pattern of the 4 nm mesoporous material from Mobil is shown in 

Figure 3.25 and was determined as having a d-spacing in the region of 5.2 nm. 

3.8.3.5.2 Characterisation by Nitrogen Adsorption Studies of the Mobil 

Mesoporous Material 

The nitrogen BET surface analysis of Figure 3.26 suggests the surface area to be 

403m2/g. The adsorption/desorption isotherm shows the material to follow a type IV 

isotherm and possess mesopores that have a narrow distribution. The pore size 

distribution of Figure 3.27 shows an average pore diameter of 4.6 nm. 

3.8.3.5.3 Summary of the Characterisation of the 4 nm Mobil Corporation 

Material 

The Mobil mesoporous material differs from the DMU synthesised materials in that 

aluminium is incorporated into the framework in the ratio of 40/1 silicon/aluminium. 
The d100 spacing for the Mobil material was 5.1 nm and is slightly smaller than the 

4 nm hydrothermal synthesised material which has a d, 00 spacing of 6.0 nm. The 

nitrogen surface studies show that the pore size distribution was 4.6 nm suggesting a 

pore wall of 0.5 nm. 
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4.0 Sorption Studies of Soxhlet Extracted Detergent Solutions in Hexane on 
Mesoporous and Silica Gel Materials 

This section looks at the various sorption procedures used to determine the ability of 

various mesoporous and silica gel materials in the adsorption of Soxhlet extracted 
detergent samples solubilised in hexane. (i) Dynamic equilibrium between a 
detergent molecule and an adsorbent material was examined by equilibrating a 

solution containing Soxhlet extracted detergent solubilised in hexane with a 

mesoporous or silica gel material for a set period of time at room temperature and 

pressure. The diffusion of the detergent molecules into the pores allowed for the 

molecules to adsorb uniformly on the pore wall of the adsorbent material. The amount 

of adsorption was determined as the amount of detergent adsorbed per gram of 

adsorbent material. (ii) Static equilibrium of Soxhlet extracted detergent solubilised 
in hexane was examined by the retention of a detergent sample by a column of 

mesoporous or silica gel material. In this experiment samples of detergent solubilised 
in hexane (40 mg/ml) were quickly passed down individual columns packed with 
increasing masses of mesoporous and silica gel materials. The samples were eluted 
by hexane followed by methanol and the solvents from each fraction evaporated and 

the mass recovery from each wash determined. The maximum amount of column 

packing required to completely retain the entire detergent sample was obtained by 

extrapolation of a graph of mass of column packing against mass of detergent 

recovery. This was important in determining the maximum capacity of the column to 

prevent over saturation of the column with a concentrated sample. In a similar 

experiment, the sorption properties of the mesoporous and silica gel materials were 

examined by eluting solutions of overbased and neutral sulphonate and phenate in 

hexane (20 mg/ml) through a series of columns prepared with a constant mass of 

column packing (200 mg). (iii) Heats of sorption. In a final sorption experiment, the 

mesoporous and silica gel materials were prepared as gas chromatography column 

packings. In this method, the enthalpy of adsorption of molecules that were 

constituent components of the detergent molecules were determined to observe their 

effect on the adsorption properties of the detergents to the surfaces of the mesoporous 

or silica gel materials. 
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4.1 Dynamic Equilibrium Studies 

The following section shows the experimental procedures used in determining the 
dynamic equilibrium set up between the Soxhlet extracted detergent molecules and 
the surface interface of the mesoporous and silica gel materials over a set period of 

time. 

4.1.1 Chemicals Required 

Soxhlet extracted detergent stock solutions in hexane; 

Neutral Sulphonate (Ethyl) 

Overbased Sulphonate (Ethyl) 

Neutral Phenate (Lubrizol) 

Overbased Phenate (Lubrizol) 

Hexane - HPLC grade (Fisher) 

Mesoporous Material (DMU) 

Mesoporous Material (Mobil) 

Silica Gel 40 and 60 (Fluka) 

4.1.2 Determination of Sorption Uptake of Soxhlet Extracted Detergents by 

Mesoporous and Silica Gel Materials by Infrared Analysis 

Calibration samples were prepared by pipetting a known amount of each stock 

detergent solution (10 mg/ml) into 10 ml glass vials and diluting accordingly with 
hexane. This was repeated until a set of calibration standards was obtained covering a 

range of 0- 10 mg/ml. Samples for sorption uptake were prepared by replicating the 

samples prepared for the calibration standards and then adding mesoporous material 
(0.05g) to each vial. (Table 4.1) 
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Sample 

Number 

Volume of 

Detergent 

Pipetted (ml) 

Mass of 

Detergent 

Present (mg) 

Volume of 

Hexane 

Pipetted (ml) 

Final Detergent 

Concentration 

(mg/mi) 

Total 

Volume 

(ml) 

1 0 0 5 0 5 
2 1 10 4 2 5 
3 2 20 3 4 5 
4 3 30 2 6 5 
5 4 40 1 8 5 
6 5 50 0 10 5 

Table 4.1 - The preparation of calibration standards and samples to be used in the sorption uptake 

experiments. 

The samples were sealed using a PTFE/silicone liner and capped with an aluminium 
lid. The use of a rotator ensured intimate mixing of the solid mesoporous material 

with the detergent solution over a 24 hour period. The samples were then allowed to 

stand for 2 hours to allow the solids to settle. A small amount of the supernatant from 

each sample was removed using a glass syringe and subsequently injected into a 0.1 

mm potassium bromide solid cell for infra red analysis. Each sample was analysed 3 

times and the peak area of the characteristic detergent peak averaged. This was 
determined for both the calibration and the corresponding samples. The neutral and 

overbased sulphonate detergents were analysed for peak area by the sulphonate peak 

at 1032 cm', whereas the neutral and overbased phenate the peak at 1305 cm"' was 

used. The overbased sulphonate and overbased phenate was characterised by the 

carbonate peak at 862 cm 1. The band assignments of these peaks are shown in 

Section 2.3.1.4. 

4.1.3 Calculation of Sorption Uptake by Infrared Analysis 

The calculation of uptake involved plotting a calibration graph from the samples 

prepared in Section 4.1.2 of the initial concentration of the detergent additive solution 
(mg/ml) against peak area (absorbance units). As an example, Figure 4.1 shows the 

calibration graph for a series of neutral sulphonate detergent samples in hexane. In a 

second experiment, the peak area of each sample after exposure to the mesoporous 

material was obtained and subtracted from the peak area of the corresponding 
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calibration solution to give the peak area of the detergent adsorbed by the mesoporous 
material. 

3.5 -1 

0 1 2 3 4 5 6 7 8 9 10 

Concentration of Detergent Sample (mg/ml) 

Figure 4.1 - An example of a calibration graph of infrared peak area plotted against increasing 

concentrations of neutral sulphonate in hexane. 

The concentration of each detergent solution adsorbed by the mesoporous material 

was then calculated using the calibration graph equation (y=mx+c) where y= peak 

area, x= concentration of solution. The concentration of the solution adsorbed was 
therefore obtained by the simple division of the sample peak area (absorbance units) 
by the gradient. The uptake of detergent per gram of mesoporous material was then 

calculated. 

4.1.4 Determination of the Sorption Uptake of Soxhlet Extracted Detergents by 

Mesoporous and Silica Gel Materials by Liquid Scintillation Counting 

4.1.4.1 Chemicals Required 

Detergent stock solution in hexane; 
Tritiated neutral sulphonate (Ethyl) 

Hexane (Fisher) 

Mesoporous Material (DMU) 

Optiphase III (Packard) 
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4.1.4.2 Procedure 

A sample of neutral sulphonate was tritiated at the University of Surrey as described 

in Section 2.2.3.1. A blank sample for scintillation counting was prepared by filling a 

glass scintillation vial with hexane (2 ml) and sealed. A corresponding blank solution 

containing hexane (2m1) and mesoporous material (0.05 g) was prepared. 
A calibration sample was prepared by pipetting tritiated neutral sulphonate (0.1 ml, 
4.1 mg) into a glass scintillation vial containing hexane (1.9 ml) and sealed. A second 

vial containing the same concentration was prepared as a duplicate. 

A set of sorption uptake samples was prepared by adding different concentrations of 

tritiated neutral sulphonate solution into a scintillation vial containing a4 nm 

mesoporous material (0.05 g). Hexane was added to give a total solution volume of 
2 ml. A set of 6 samples was prepared as shown in Table 4.2. The samples were then 

rotated over a 24 hour period to allow equilibration. 

Volume of tritiated 

neutral sulphonate (ml) 

Mass of tritiated 

neutral sulphonate 
(Ing) 

Volume of 
Hexane (ml) 

Concentration of final 

Solution (mg/ml) 

0.0 0.0 2.0 0.00 

0.1 4.1 1.9 2.05 

0.2 8.2 1.8 4.10 

0.3 12.3 1.7 6.15 

0.4 16.4 1.6 8.20 

0.5 20.5 1.5 10.25 

Table 4.2 - The concentration of tritiated neutral sulphonate samples prepared for sorption uptake 

studies 

Each sample was left stationary to allow any suspended mesoporous material to settle 

over a period of 4 hours. From each sample vial, 1 ml of supernatant was pipetted 
into separate clean dry glass scintillation vials. The addition of hexane (1 ml) 
followed by Optiphase III (8 ml) finalised the samples for liquid scintillation counting 

and each sample was counted 3 times and an average value obtained. 
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4.1.4.3 Calculation of Sorption Uptake by Liquid Scintillation 

The activity (dpm) of the single calibration sample containing tritiated neutral 

sulphonate (0.1 ml, 4.1 mg) was obtained and manipulated by use of a multiplication 
factor to acquire activities corresponding to the concentrations shown in Table 4.2. A 

linear graph was plotted showing concentration of tritiated neutral sulphonate (mg/ml) 

against activity (dpm) as described in Section 4.1.4.2 and the uptake calculated. 

4.1.4.4 Calculation of Sorption Uptake per unit area of Mesoporous 

Material 
The maximum sorption uptake value was obtained from the method of Section 4.1 

and was used to determine the maximum surface adsorption per meter square. The 

surface area of each material was obtained from nitrogen BET studies shown in 

Section 3.4.4 and summarised in Table 3.25. This allows the adsorption ability of 

each of the materials used to be compared as a function of their surface area. 
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4.2 Results of the Dynamic Equilibrium Studies 

This section shows the dynamic equilibrium sorption results obtained from the 

methods explained in Section 4.1 

4.2.1 Dynamic Equilibrium Studies of the Soxhlet Extracted Neutral 

Sulphonate Detergent 

The sorption uptake of neutral sulphonate was determined by infrared spectroscopy 

and liquid scintillation counting. The maximum standard deviation was 0.025g/g of 
MCM-41 

4.2.1.1 Sorption Uptake of Neutral Sulphonate by 2 nm, 4 nm and 6 nm 
Mesoporous Materials 
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Figure 4.2 - The sorption uptake of neutral sulphonate on a2 nm mesoporous material (A), 4 nm 

mesoporous material (') and on a6 nm mesoporous material (t) as determined by infrared analysis 
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Figure 4.3 - The sorption uptake of neutral sulphonate on a4 nm mesoporous material as determined 

by liquid scintillation counting 

4.2.1.2 Sorption Uptake of Neutral Sulphonate by a Mobil 4 nm 

Mesoporous Material (MZ 1362) 
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Figure 4.4 - The sorption uptake of neutral sulphonate on a4 nm Mobil mesoporous material as 
determined by infrared analysis. 
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4.2.1.3 Sorption Uptake of Neutral Sulphonate by the Silica Gel 40 and 60 
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Figure 4.5 - The sorption uptake of neutral sulphonate on a silica gel 40 (t) and silica gel 60 ( ) as 

determined by infrared analysis. 

Material Uptake of Neutral 

Sulphonate as Determined 

by Infrared Analysis 

(g/g material) 

Uptake of Neutral 

Sulphonate as Determined 

by Liquid Scintillation 

Counting 

(g/g material) 

2 nm Mesoporous 0.12 - 
4 nm Mesoporous 0.21 0.20 

6 nm Mesoporous 0.31 - 
4 nm Mobil MZ 1362 0.37 - 
Silica Gel 40 0.05 - 
Silica Gel 60 0.05 - 

Table 4.3 - The sorption uptake of neutral sulphonate on various silicate materials and an 

aluminosilicate material as determined by infrared spectroscopy and liquid scintillation counting. 

4.2.2 Dynamic Equilibrium Studies of the Soxhlet Extracted Overbased 

Sulphonate Detergent 

The sorption uptake of overbased sulphonate was determined by infrared 

spectroscopy and liquid scintillation counting. 
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4.2.2.1 Sorption Uptake of Overbased Sulphonate by the 4 nm and 6 nm 
Mesoporous Materials 
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Figure 4.6 - Sorption uptake of overbased sulphonate showing the uptake of the overbased calcium 

carbonate core (+) and the neutral chain component (A) by the 4 nm mesoporous material and the 

overbased calcium carbonate core ( ) and the neutral chain component (X) by the 6 nm mesoporous 

material as determined by infra red analysis. 

Table 4.4 shows the sorption uptake of the overbased sulphonate on the 4 nm and 
6 nm materials as represented in Figure 4.6. Analysis of the peak at 862 cm-, due to 

the overbased core represents the amount of carbonate core whilst the peak at 
1032 cm-1 represents the neutral sulphonate chain. 

Material Uptake of Overbased Sulphonate as Uptake of Overbased Sulphonate as 

Determined by Infrared analysis of Determined by Infrared Analysis of the 

the Neutral Chain Carbonate Core 

(g/g material) (g/g material) 

4 nm 0.05 0.05 

Mesoporous 

6 nm 0.05 0.05 

Mesoporous 

Table 4.4 - The sorption uptake of overbased sulphonate on the mesoporous materials as determined by 

the infrared analysis of the peaks associated with the neutral sulphonate component of the overbased 

sulphonate micelle at 1032 cm-' and the calcium core at 862 cm's 
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4.2.3 Dynamic Equilibrium Studies of the Soxhlet Extracted Neutral 

Phenate 

The sorption uptake of neutral phenate was determined by infrared spectroscopy. 

4.2.3.1 Sorption Uptake of Neutral Phenate by the 2 nm, 4 nm and 6 nm 
Mesoporous Materials 
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Figure 4.7 - The sorption uptake of neutral phenate on a2 nm mesoporous material (A), 4 nm 

mesoporous material (1) and on a6 nm mesoporous material ( ) as determined by infrared analysis 
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4.2.3.2 Sorption Uptake of Neutral Phenate by a Mobil 4 nm Mesoporous 

Material (MZ 1362) 
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Figure 4.8 - The sorption uptake of neutral phenate on a4 nm Mobil (MZ 1362) mesoporous material 

as determined by infrared analysis. 

4.2.3.3 Sorption Uptake of Neutral Phenate by the Silica Gel 40 and 60 
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Figure 4.9 - the sorption uptake of neutral phenate on a silica gel 40 (") and silica gel 60 (") as 
determined by infrared analysis. 
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Material Uptake of Neutral Phenate as Determined 

by Infrared Analysis (g/g material) 

2 nm Mesoporous 0.11 

4 nm Mesoporous 0.17 

6 nm Mesoporous 0.26 

4 nm MCM MZ1362 0.30 

Silica Gel 40 0.03 

Silica Gel 60 0.04 

0.05 ý 
f 

Table 4.5 - The sorption uptake of neutral phenate on various silicon and aluminosilicate based 

materials as determined by infra red analysis. 

4.2.4 Dynamic Equilibrium Studies of the Soxhlet Extracted Overbased 

Phenate 

The sorption uptake of overbased phenate was determined by infrared spectroscopy 

and liquid scintillation counting 

4.2.4.1 Sorption Uptake of Overbased Phenate by the 4 nm and 6 nm 

Mesoporous Materials 
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Figure 4.10 - Sorption uptake of overbased phenate showing the uptake of overbased calcium carbonate 

core ( ) and the neutral chain component (') by the 4 nm mesoporous material and the overbased 

calcium carbonate core (. ) and the neutral chain component (A) by the 6 nm mesoporous material as 
determined by infra red analysis. 
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Material Uptake of overbased phenate as Uptake of overbased phenate as 
determined by Infrared Analysis of determined by Infrared Analysis of the 
the neutral chain carbonate core 

(gig material) (g/g material) 
4 nm 0.04 0.00 
Mesoporous 

6 nm 0.05 0.01 
Mesoporous 

Table 4.6 - The sorption uptake of overbased phenate on the mesoporous materials as determined by 

the infrared analysis of the peak associated with the neutral phenate component of the overbased 

phenate micelle at 1305 cm" and the calcium carbonate associated with the carbonate core at 862 cm's 
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4.2.5 Summary of the Sorption Uptake Studies of the Neutral and Overbased 

Sulphonate and Phenate Detergent Solutions on Various Silicate and 
Aluminosilicate Materials 

The data shown in Table 4.7 and Figure 4.11 summarises the sorption uptake of 

neutral and overbased sulphonate and phenate detergents on the mesoporous and silica 

gel materials. The data suggests that for the neutral phenate and sulphonate detergent 

samples, the ability of the mesoporous and silica gel materials follows the trend; silica 

gel 40 silica gel 60 <2 nm siliceous <4 nm siliceous <6 nm siliceous <4 nm 
Mobil material. The data also shows that the neutral phenate uptake on each material 
is less than that of the neutral sulphonate. The 4 nm Mobil material gave the highest 

uptake and may be explained by the presence of aluminium in the framework with a 

silicon to aluminium ratio of 40: 1. Previous sorption work on siliceous and 

aluminosilicate mesoporous materials using toluene suggest that materials with 

equivalent pore sizes as obtained by nitrogen BET studies but which have different 

silicon to aluminium ratios of 40: 1 and 25: 1 have a sorption uptake of toluene per 

gram of material of 65 % and 80 % respectively whereas a siliceous material only 

sorbed 54.3 %. (226) The overbased sulphonate was shown to adsorb to the external 

surfaces of the mesoporous materials. The infrared analysis of the carbonate core and 

neutral sulphonate chain shows equal adsorption of both components suggesting that 

the whole detergent adsorbs on the external surface as opposed to any free or stripped 

neutral sulphonate or carbonate core. In contrast infrared analysis of the overbased 

phenate showed that the carbonate core did not adsorb on the external surfaces of the 

mesoporous materials but that the neutral phenate chain was adsorbed. This may be 

due to free neutral phenate in the solution, or neutral phenate that has been stripped 
from the carbonate core by the silanol groups on the external surfaces of the 

mesoporous material as explained for the overbased sulphonate in Section 2.4.8. 

158 



Sorption Uptake 

0.40 
, -. 0.35 

0.30 

4 sý. 0.25 

', r 0.20 

ý 0.15 

0.10 

cd ý 0.05 
2"2 

0.00 

4 nm 
Mobil 

6 nm 
Hydro 

4 nm 
Hydro 

2 nm 
Hydro 

Silica 
Gel 60 

Adsorbent Material 

Summary 

Silica 
Gel 40 

Neutral Sulphonate 
Neutral Phenate 

OverbasedSulphonate Core 
Overbased Sulphonate Chain 

Overbased Phenate Core 
Overbased Phenate Chain 

Figure 4.11 - The maximum uptake values of the detergent additives on various silicate and 

aluminosilicate materials. 

The maximum sorption uptake value of each neutral detergent was used to determine 

the uptake of detergent per square meter of surface area which was determined for 

each material by the nitrogen BET adsorption studies of Section 3.4.4 and Section 3.7. 

The results are given in Tables 4.8 and 4.9 and show that the uptake per square meter 

of the mesoporous material follows the trend; 4 nm siliceous <6 nm siliceous <4 nm 

Mobil material for both the neutral sulphonate and phenate. The uptake per unit area 

of mesoporous material shows that the 4 nm siliceous material is significantly less 

effective at adsorption than an equivalent 4 nm material that contains aluminium as 

stated above. 
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Material Uptake of Uptake of Uptake of Overbased Uptake of Overbased 

Neutral Neutral Sulphonate (gig material) Phenate 

Sulphonate Phenate (g/g material) 

(g/g (g/g Carbonate Sulphonate Carbonate Phenate 

material) material) Core Chain Core Chain 

2 nm 0.12 0.11 No Data No Data No Data No Data 

Mesoporous 

Material 
- 4nm 0.21 0.17 0.05 0.05 0.00 0.04 

Mesoporous 

Material 

6 nm 0.31 0.26 0.05 0.05 0.01 0.05 

Mesoporous 

Material 

4 nm Mobil 0.37 0.30 No Data No Data No Data No Data 

Mesoporous 

Material 
Silica Gel 40 0.05 0.03 No Data No Data No Data No Data 

Silica Gel 60 0.05 0.04 No Data No Data No Data No Data 

Table 4.7 - The summary of sorption uptake on various silicon materials of various detergents. 

Material Sorption Uptake BET Surface Uptake 

(g/g material) Area (m2/g) (µg/m2) 

4 nm 0.21 700 300 

Hydrothermal 

MCM-41 

6 nm 0.31 432 717 

Hydrothermal 

MCM-41 

4 nm Mobil 0.37 403 918 

MCM-41 

Table 4.8 -A Table showing the sorption properties of neutral sulphonate by various mesoporous 

materials 
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Material Sorption Uptake BET Surface Uptake 
(g/g material) Area (m2/g) (µg/m2) 

4 nm 0.17 700 242 

Hydrothermal 

MCM-41 

6 nm 0.26 432 601 
Hydrothermal 

MCM-41 

4 nm Mobil 0.30 403 744 

MCM-41 

Table 4.9 -A Table showing the sorption properties of neutral phenate by various mesoporous 

materials 
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4.3 Column Saturation of Various Mesoporous Materials by the Neutral and 
Overbased Sulphonate and Phenate Detergents 

The following section shows the procedures used for determining the amount of 

neutral and overbased Soxhlet extracted detergent solutions in hexane retained on 

columns of mesoporous materials. 

4.3.1 Detergent Solution Preparation 

The overbased and neutral phenate and sulphonate detergent solutions were prepared 
by initial Soxhlet extraction of the detergent additive to remove the base oil present as 
described in Section 2.1.1. 

4.3.2 Column Preparation 

A microburette with a straight Teflon tap was modified by removal of the funnel at 
the top of the burette. The microburette Teflon tap was removed to enable a glass 

wool plug to be placed at the base of the burette, the closed tap was replaced. 
Mesoporous material was activated by placing the material in a tube furnace over 
flowing nitrogen at a temperature of 300 °C for 3 hours and the material was cooled 

under nitrogen and saturated in hexane (5 ml) to form slurry of the mesoporous 

material. The detached funnel of the microburette was attached to the top of another 
Teflon tap which was then connected to the top of the burette to form a reservoir for 

the solvents. The burette was initially filled with hexane and the reservoir tap closed. 
The mesoporous material slurry was tipped into the reservoir and the reservoir tap was 

simultaneously opened and the hexane in the column was allowed to mix with the 

reservoir mesoporous material slurry (Figure 4.12 a). The use of a thin piece of wire 

pushed through the reservoir into the column ensured enough agitation was applied to 

mix the solutions. After the column packing had settled uniformly in the column, the 

column Teflon tap at the base of the column was opened and the hexane was collected 
in a beaker. The collected hexane was then reapplied into the open reservoir to wash 

any column packing residue in the reservoir, into the column. This process was 

repeated until all the mesoporous material was in the column. The hexane was eluted 
through the column packing until the meniscus was level to the top of the column 
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packing. The column tap and the reservoir tap were then closed. The use of five 

columns each containing increasing masses of column packing were prepared in 

duplicate and the results averaged 

Direction 
of Flow 

Separating Funnel Direction of 
(Containing Solvent) 0  Flow 

Reservoir (Containing 
Slurry) 

Teflon lap -- No 

13299 

Micro burette 
ý- (Containing Column -0 

Packing) 

f- Glass Wool , MRM 

Teflon Tap 1 

a 
T 
b 

Figure 4.12 - Diagram of the chromatographic column showing a) the column packing procedure 

b) the elution of detergent solutions 

4.3.3 Detergent Elution through Mesoporous and Silica Gel Columns 

The column reservoir tap was removed by detaching the Teflon joiner to enable a 

sample of Soxhlet extracted detergent solutions in hexane (1 ml, 40 mg/ml) to be 

injected directly onto the column packing using a micro syringe fitted with a long 

tube. The tube was washed after every application, but the detergent solution residue 

left in the tube after injection on the column was not washed through onto the column. 

The column was then attached to the separation apparatus (Figure 4.12 b) and an 

inflated blowing ball was attached to the top of the separating funnel to force through 

the solvents and samples, although the pressure slowly decreased with time and was 

occasionally increased by pumping the bellow of the blowing ball. The blowing ball 

was used to decrease the long retention times experienced at atmospheric pressure 

which could amount to over an hour, the actual flow rate was not determined. An 

initial solution of hexane (10 ml) called methanol solution or methanol fraction was 

eluted to remove detergents that weakly adsorbed on the column packing and the 

eluant collected in a pre-weighed vial. A second solution (10 ml) containing 
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methanol, (50 %) toluene (25 %) and hexane (25 %) was added and eluted. The 

methanol in the eluant mixture was necessary for desorption of the detergent 

components adsorbed in the pores of the packing material, whilst the toluene and 
hexane were needed to keep the desorbed detergents in solution. This fraction was 

collected in a second pre-weighed vial. The solvent fractions were then evaporated in 

a vacuum oven at 40 °C for 12 hours. The vials were reweighed and the amount of 
detergent collected in each vial was calculated. Each fraction was analysed by 

infrared analysis to confirm whether a fraction contained neutral or overbased 

sulphonate or phenate by their characteristic infrared absorption bands, as determined 

in Section 2.3.1.4. 
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4.4 Results of the Column Saturation of Detergent Solutions on Various 

Mesoporous and Silica Gel Materials 

This section looks at the results obtained when a specific amount of neutral and 

overbased phenate and sulphonate detergent solutions in hexane are eluted through 

columns containing an increasing mass of column packing. The column saturation is 

important in determining the amount of column packing required to completely 

adsorb the detergent in a sample. In this section the amount of detergent applied to the 

columns was 40 mg however in later work on column retention and separation, a total 

of 20 mg of detergent was applied. Determination of the mass of detergent retained 

per 100 mg of column packing gives a rough estimate of the amount of column 

packing required to adsorb a known amount of detergent. The 4 nm hydrothermal and 

room temperature synthesised and 6 nm materials were investigated. The silica gel 40 

and 60 materials and the 2 nm mesoporous material was omitted from this study as 

these materials were not useful in the separation of the overbased and neutral phenate 

and sulphonate detergents as shown in later sections. The 4 nm Mobil material was 

omitted from this investigation as large quantities of material were required and only a 

small amount of the material was provided. 

165 



Column Saturation Results 

4.4.1 Determination of the Column Capacity of a4 nm Mesoporous Material 

for a Solution of Neutral Sulphonate Solubilised in Hexane 

The total mass of neutral sulphonate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.10 and the extrapolated graph in 

Figure 4.13. Extrapolation of the graph determines the maximum mass of column 

packing required to retain all the detergent under the conditions of the experiment. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol (mg) Retained by Retained by 

(mg) Fraction solution Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 32.9 2.3 35.2 7.1 7.1 

200 27.0 8.5 35.5 13.0 6.5 

300 27.4 9.8 37.2 12.6 4.2 

400 24.2 12.0 36.2 15.8 4.0 

500 17.8 15.9 33.7 22.2 4.4 

Table 4.10 - The column saturation of 4 nm mesoporous material using neutral sulphonate (40 mg) 
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Figure 4.13- The column saturation of a4 nm mesoporous material using neutral sulphonate (40 mg) 

showing the hexane fraction (") and the methanol fraction (U) 
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4.4.2 Determination of the Column Capacity of a6 nm Mesoporous Material 

for a Solution of Neutral Sulphonate Solubilised in Hexane 

The total mass of neutral sulphonate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.11 and by the graph of Figure 4.14. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 26.7 12.0 38.7 13.3 13.3 

200 23.6 17.2 40.8 16.4 8.2 

300 21.2 21.1 42.3 18.8 6.3 

400 14.2 24.0 38.2 25.8 6.5 

500 8.5 29.0 37.5 31.5 6.3 

Table 4.11 - The column saturation of 6 nm mesoporous material using neutral sulphonate (40 mg) 

30 

25 . 

20 

15 

10 
  

. 

51 

Results 

  

. 
  

  

  

ON 
0 100 200 300 400 500 600 700 

Mass of Column Packing (mg) 

Figure 4.14 - The column saturation of a6 nm mesoporous material using neutral sulphonate (40 mg) 

showing the hexane fraction (") and the methanol fraction (. ) 
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4.4.3 Determination of the Column Capacity of a4 nm Room Temperature 

Synthesised Mesoporous Material for the Neutral Sulphonate Solubilised 

in Hexane 

The total mass of neutral sulphonate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.12 and by the graph of Figure 4.15. 

Mass of Mass Mass Total Mass Mass of Mass of 
Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 15.2 21.0 36.2 24.8 19.0 

200 8.9 29.6 38.5 32.7 16.3 

300 5.4 31.2 36.6 34.6 11.5 

400 0.4 33.0 33.4 39.6 9.9 

500 0.2 34.2 34.4 39.8 7.9 

Table 4.12 - The column saturation of 4 nm room temperature synthesised mesoporous material using 

neutral sulphonate (40 mg) 
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Figure 4.15 - the column saturation of a room temperature synthesised mesoporous material using 

neutral sulphonate (40 mg) showing the hexane fraction (") and the methanol solution (a) 
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4.4.4 Determination of the Column Capacity of a4 nm Mesoporous Material 

for a Solution of Overbased Sulphonate Solubilised in Hexane 

The total mass of overbased sulphonate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.13 and by the graph of Figure 4.16. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol, (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 34.5 5.9 40.4 5.9 5.9 

200 29.9 10.1 40.0 10.1 5.1 

300 28.0 12.2 40.2 12.2 4.1 

400 20.9 17.1 38.0 19.1 4.8 

500 15.0 19.9 34.9 25.0 5.0 

Table 4.13 - The column saturation of 4 nm mesoporous material using overbased sulphonate (40 mg) 
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Figure 4.16 - The column saturation of a4 nm mesoporous material using overbased sulphonate (40 

mg) showing the hexane fraction (") and the methanol solution. (. ) 
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4.4.5 Determination of the Column Capacity of a6 nm Mesoporous Material 

for a Solution of Overbased Sulphonate Solubilised in Hexane 

The total mass of overbased sulphonate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.14 and by the graph of Figure 4.17. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol, (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 34.2 6.3 40.5 5.8 5.8 

200 30.6 9.3 39.9 9.4 4.7 

300 28.3 12.5 40.8 11.7 3.9 

400 24.9 15.8 40.7 15.1 3.8 

500 23.1 17.7 40.8 16.9 3.4 

Table 4.14 - The column saturation of 6 nm mesoporous material using overbased sulphonate (40 mg) 
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Figure 4.17 - The column saturation of a6 nm mesoporous material using overbased sulphonate (40 

mg) showing the hexane fraction (. ) and the methanol fraction. (. ) 
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4.4.6 Determination of the Column Capacity of a4 nm RT Mesoporous 

Material for a Solution of Overbased Sulphonate Solubilised in Hexane 

The total mass of overbased sulphonate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.15 and by the graph of Figure 4.18 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol, (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 35.7 3.0 38.7 4.3 4.3 

200 32.3 6.8 39.2 7.6 3.8 

300 32.4 8.3 40.8 8.3 2.8 

400 27.4 8.6 36.0 12.6 3.1 

500 22.9 12.7 35.6 17.1 3.4 

Table 4.15- The column saturation of 4 nm room temperature synthesised mesoporous material using 

overbased sulphonate (40 mg) 
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Figure 4.18 - The column saturation of a4 nm room temperature synthesised mesoporous material 

using overbased sulphonate (40 mg) showing the hexane fraction (") and the methanol fraction (. ) 
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4.4.7 Determination of the Column Capacity of a4 nm Mesoporous Material 

for a Solution of Neutral Phenate Solubilised in Hexane 

The total mass of neutral phenate applied to the columns was 40 mg and the retention 

results obtained are shown in Table 4.16 and by the graph of Figure 4.19. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol, (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 28.7 4.9 33.6 11.3 11.3 

200 16.5 13.5 30.0 23.5 11.8 

300 11.9 17.8 29.7 28.1 9.4 

400 5.5 23.5 29.0 34.5 8.6 

500 3.8 28.7 32.5 36.2 7.2 

Table 4.16 - The column saturation of 4 nm mesoporous material using neutral phenate (40 mg) 
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Figure 4.19 - The column saturation of a4 nm mesoporous material using neutral phenate (40 mg) 

showing the hexane fraction (. ) and the methanol solution. (. ) 
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4.4.8 Determination of the Column Capacity of a6 nm Mesoporous Material 

for a Solution of Neutral Phenate Solubilised in Hexane 

The total mass of neutral phenate applied to the columns was 40 mg and the retention 

results obtained are shown in Table 4.17 and by the graph of Figure 4.20. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 29.4 6.6 36.0 10.6 10.6 

200 18.5 15.7 34.2 21.5 10.8 

300 14.9 19.2 34.1 25.1 8.4 

400 9.5 28.5 38.0 30.5 7.6 

500 4.2 33.7 37.9 35.8 7.2 

Table 4.17 - The column saturation of 6 nm mesoporous material using neutral phenate (40 mg) 
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Figure 4.20 - The column saturation of a6 nm mesoporous material using neutral phenate (40 mg) 

showing the hexane fraction (. ) and the methanol fraction (. ) 
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4.4.9 Determination of the Column Capacity of a4 nm Room Temperature 

Synthesised Mesoporous Material for a Solution of Neutral Phenate. 

The total mass of neutral phenate applied to the columns was 40 mg and the retention 

results obtained are shown in Table 4.18 and by the graph of Figure 4.21. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 27.1 12.4 39.5 12.9 12.9 

200 12.4 17.6 30.0 27.6 13.8 

300 9.8 26.3 36.1 30.2 10.1 

400 3.6 34.0 37.6 36.4 9.1 

500 2.1 31.6 33.7 37.9 7.6 

Table 4.18 - The column saturation of 4 nm room temperature synthesised mesoporous material using 

neutral phenate (40 mg) 
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Figure 4.21 - The column saturation of a4 nm room temperature synthesised mesoporous material 

using neutral phenate (40 mg) showing the hexane fraction (") and the methanol fraction (. ) 
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4.4.10 Determination of the Column Capacity of a4 nm Mesoporous Material 

for a Solution of Overbased Phenate. 

The total mass of overbased phenate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.19 and by the graph of Figure 4.22. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 36.2 7.5 43.7 3.8 3.8 

200 32.9 13.3 46.2 7.1 3.6 

300 23.1 17.7 40.8 16.9 5.6 

400 18.0 23.1 41.1 22.0 5.5 

500 17.3 26.0 43.3 22.7 4.5 

Table 4.19 - The column saturation of 4 nm mesoporous material using overbased phenate (40 mg) 

40 

35 

30 

25 

20 

15 

10 

. 
. 

f  
  

 " 

  

  

on 
0 100 200 300 400 500 600 700 800 

Mass of Column Packing Used (mg) 

Figure 4.22 - The column saturation of a4 nm mesoporous material using overbased phenate (40 mg) 

showing the hexane fraction (+) and the methanol fraction (u) 
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4.4.11 Determination of the Column Capacity of a6 nm Mesoporous Material 

by Overbased Phenate Solubilised in Hexane 

The total mass of overbased phenate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.20 and by the graph of Figure 4.23. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 

(mg) 

100 32.2 11.9 44.1 7.8 7.8 

200 24.7 16.8 41.5 15.3 7.7 

300 13.9 25.0 38.9 26.1 8.7 

400 5.4 32.4 37.8 34.6 8.7 

500 1.5 39.9 41.4 38.5 7.7 

Table 4.20 - The column saturation of 6 nm mesoporous material using overbased phenate (40 mg) 
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Figure 4.23 - The column saturation of a6 nm mesoporous material using overbased phenate (40 mg) 

showing the hexane fraction (') and the methanol fraction (a) 
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4.4.12 Determination of the Column Capacity of a4 nm Room Temperature 

Synthesised Mesoporous Material for a Solution of Overbased Phenate 

The total mass of overbased phenate applied to the columns was 40 mg and the 

retention results obtained are shown in Table 4.21 and by the graph of Figure 4.24. 

Mass of Mass Mass Total Mass Mass of Mass of 

Column Recovered in Recovered in Recovery Detergent Detergent 

Packing Hexane the Methanol (mg) Retained by Retained by 

(mg) Fraction Fraction Column after Column 

(mg) (mg) Hexane Elution (mg/100 mg) 
(mg) 

100 34.2 8.23 42.5 5.7 5.7 

200 30.3 11.6 42.0 9.6 4.8 

300 27.1 16.2 43.4 12.8 4.3 

400 20.0 17.7 37.8 19.9 5.0 

500 12.3 21.0 33.4 27.6 5.5 

Table 4.21 - The column retention by a4 nm room temperature synthesised mesoporous material using 

overbased phenate (40 mg) 
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Figure 4.24 - The column retention of a4 nm room temperature synthesised mesoporous material using 

overbased phenate (40 mg) showing the hexane fraction (+) and the methanol fraction (U) 
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4.5 Summary of the Column Saturation Studies 

This section summarises the results obtained in the saturation of various column 

packing materials by neutral and overbased sulphonate and phenate detergent 

solutions. 

4.5.1 The Saturation of Various Mesoporous Materials by the Soxhlet 

Extracted Neutral Sulphonate Solution 

The neutral sulphonate is expected to be adsorbed by the mesoporous material and 

therefore is not expected to elute in the hexane wash. The results of Section 4.4 

suggest that a sample of neutral sulphonate (40 mg) does not completely adsorb on 

any of the columns of hydrothermally synthesised mesoporous materials tested. The 

4 nm room temperature synthesised material rapidly adsorbs the neutral sulphonate 

compared to the hydrothermal materials. The graph of Figure 4.25 shows the amount 

of neutral sulphonate collected in the hexane fraction for each mass of column 

packing material used and therefore shows the amount of detergent that is not retained 

by the columns. 
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Figure 4.25 - The saturation of mesoporous material by neutral sulphonate 

178 



Column Saturation Summary 

4.5.2 The Saturation of Various Mesoporous Materials by the Soxhlet 

Extracted Overbased Sulphonate Solution 

The overbased sulphonate is not expected to adsorb within the pores of the 

mesoporous material due to the micelle being too large to enter the pores. Figure 4.26 

shows the amount of overbased sulphonate recovered in the hexane wash with 
increasing amounts of column packing. The data suggests that overbased sulphonate 
is adsorbed on the material and the amount adsorbed increases with greater amounts 

of column packing used. This suggests that increasing the column packing allows 

more area on the column packing for surface adsorption of the overbased sulphonate. 
This is not occurring as infrared analysis of the methanol fraction suggests that the 

residue was neutral sulphonate and suggests that the calcium carbonate core is 

stripped of the neutral sulphonate component. 
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Figure 4.26 - The saturation of mesoporous material by overbased sulphonate. 
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4.5.3 The Saturation of Various Mesoporous Materials by the Soxhlet 

Extracted Neutral Phenate Solution 

The neutral phenate was expected to be small enough to adsorb within the pores of all 
the mesoporous materials examined in this experiment. The neutral phenate (40 mg) 
was eluted through columns of increasing mass by hexane and the mass recovery of 

each column is shown in Figure 4.27 and suggests that the neutral phenate has 

adsorbed within the mesopores of all the materials examined with the 4 nm room 
temperature mesoporous material adsorbing the most neutral phenate with increasing 

column packing mass. The neutral phenate is also adsorbed more effectively than the 

neutral sulphonate on equivalent columns. 
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Figure 4.27 - The saturation of various mesoporous material by neutral phenate. 
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4.5.4 The Saturation of Various Mesoporous Materials by the Soxhlet 

Extracted Overbased Phenate Solution 

The overbased phenate is not expected to adsorb in the pores of the 4 nm mesoporous 
material but may partially adsorb in the 6 nm mesoporous material which is the 

approximate size of the overbased phenate micelle. Figure 4.28 shows that the 

overbased phenate is adsorbed on all the mesoporous materials. The 4 nm 
hydrothermal and room temperature material show that some adsorption of the neutral 

phenate on the surfaces of the material occurs as the micelle is stripped, but generally, 
the majority of overbased phenate elutes in the hexane wash. However, the 6 nm 

mesoporous material adsorbs the overbased phenate on the surface with neutral 

phenate adsorbed in the pores to a higher degree than the 4 nm materials suggesting 
that the micelle can adsorb on the exterior surfaces. 
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Figure 4.28 - The saturation of various mesoporous material by overbased phenate. 
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4.6 Column Retention Studies 

This section examines the ability of a specific mass of mesoporous or silica gel 
column packing (200 mg) to sorb a specific amount of Soxhlet extracted detergent 

solution (20 mg). The analysis looks at the reproducibility of a particular column to 

retain the neutral detergent samples or allow the overbased detergent samples to pass 
through the column without retention. The solvent fractions used to elute the 
detergent samples through the columns are collected as 1 ml fractions and each ml 

was analysed by weight and by infrared spectroscopy to determine the detergent 

content of each residue. The silicate and aluminosilicate materials with pore sizes of 
2,4, and 6 nm and silica gel materials with pore sizes of 4 nm and 6 nm were used as 

column packings and compared to a column containing sodium Y, a zeolite with a 

pore diameter of 0.74 nm which are too small for neutral or overbased detergent 

molecules to enter. Zeolite Y was used therefore to determine the extent of surface 

adsorption of the detergents. The mesoporous materials are totally siliceous with the 

exception of a sample from the Mobil Corporation labelled MZ1362. Aluminium is 

incorporated in the structure of MZ1362 to give a silicon to aluminium ratio of 40: 1. 

4.6.1 Method 

The method of column preparation and elution of the detergent samples through the 

columns was similar to that of Section 4.3.2 except that the columns were packed with 
200 mg of fresh column packing material and 20 mg of detergent solution was eluted 

through the columns. The hexane and methanol solvent used in elution of the 

detergent samples were collected as a series of 1 ml fractions and a separate extra 
hexane wash (10 ml) was also eluted and collected in a single vial. Each experiment 

was carried out on freshly prepared columns and where possible, each new column 

contained the same batch of mesoporous material. It was soon realised that only 5 ml 

of each solvent was required to wash the detergent off of the columns and therefore 

only the first 5 ml fractions of each solvent were analysed in the following section 

graphs. (Figures 2.29 through to 4.55). 
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4.7 Results 

The following results show the data obtained for the sorption of detergents on 
different silica materials which were used as column packing. 

4.7.1 The Retention of Soxhiet Extracted Neutral and Overbased 

Sulphonate and Phenate Detergent Solutions by a2 nm 
Hydrothermally Synthesised Mesoporous Material 

The 2 nm hydrothermally synthesised mesoporous material was used as a column 

packing for the elution of neutral and overbased detergent samples by hexane and then 
by methanol. The detergent contained in the hexane and methanol fractions were 

analysed for mass recovery and by infrared spectroscopy. 

4.7.1.1 The Retention of Neutral Sulphonate by a Hydrothermally 

Synthesised 2 nm Mesoporous Material 

The neutral sulphonate was expected to adsorb within the pores of the 2 nm 

mesoporous material as the sulphonate chain may straighten and align along the pore 

wall. This suggests that the neutral sulphonate would elute in the methanol solution. 
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Column Retention Results 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used, 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 7.89 4.26 8.67 7.40 6.10 

Fraction, (mg) 

Mass of Detergent in Methanol 10.12 9.72 8.27 9.45 10.10 

Fraction, (mg) 

Mass of Detergent in Extra Hexane 0.15 0.34 0.25 0.43 0.33 

(mg) 

Total Mass Recovery 18.16 14.32 17.19 17.28 16.53 

(mg) 

Total Recovery 92.85 71.60 85.95 86.4 82.65 

(%) 

Table 4.22 - The sorption of neutral sulphonate on a column of 2 nm mesoporous material showing the 

total mass and percentage recoveries of the detergent in each solvent fraction 
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Figure 4.29 - The mass recovery of the neutral sulphonate detergent on a column containing 2 nm 

mesoporous material. The graph shows the presence of neutral sulphonate ( ) and silicone oil () 

Solvent used as Eluant Average Recovery (mg) Standard Deviation 

Hexane 6.86 1.73 

Methanol, Toluene and Hexane 9.53 0.76 

Extra Hexane 0.30 0.11 

Table 4.23 - The average recovery of neutral sulphonate on a column of 2 nm mesoporous material. 
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Column Retention Results 

4.7.1.2 The Retention of Overbased Sulphonate by a Hydrothermally 

Synthesised 2 nm Mesoporous Material 

The overbased sulphonate is not expected to adsorb within the mesopores of the 2 nm 

material as the micelle is too large to enter this material and would therefore elute in 

the hexane wash. Section 4.1 suggests that some surface adsorption may occur as a 

result of contact between the neutral sulphonate chain and the surface of the column 

packing material. Section 2.2.2 and Section 4.3 suggest that overbased sulphonate is 

stripped of the neutral component and that elution of neutral sulphonate would occur 
in the methanol fraction. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 15.90 14.80 14.40 15.12 17.25 

(mg) 

Mass of Detergent in Methanol, 2.50 4.50 4.60 1.25 3.15 
Toluene and Hexane (mg) 
Mass of Detergent in Extra Hexane 0.17 0.25 0.27 0.21 0.54 

(mg) 

Total Mass Recovery 18.57 19.55 19.27 16.58 20.94 
(mg) 

Total Recovery 92.85 97.75 %. 35 82.90 104.7 
(%) 

Table 4.24 - The sorption of overbased sulphonate on a column of 2 nm mesoporous material showing 

the total mass and percentage recoveries of the detergent in each solvent fraction 
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Column Retention Results 
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Figure 4.30 - The mass recovery of the overbased sulphonate detergent on a column containing 2 nm 

mesoporous material. The graph shows the presence of overbased sulphonate, (a) neutral sulphonate 
(. ) and silicone oil ( ). 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Sulphonate (mg) 

Standard Deviation 

Hexane 15.49 1.13 

Methanol, Toluene and Hexane 3.20 1.41 

Extra Hexane 0.29 0.15 

Table 4.25 - The average recoveries of overbased sulphonate (mg) on a column of 2 nm mesoporous 

material 

4.7.1.3 The Retention of Neutral Phenate by a Hydrothermally 

Synthesised 2 nm Mesoporous Material 

The neutral phenate would be expected to be small enough in size to fit into a2 nm 

mesopore. This suggests that the neutral phenate would be adsorbed by the 

mesoporous material and would elute in the methanol fraction. 

186 



Column Retention Results 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 4.10 6.50 4.40 4.71 5.15 

(mg) 

Mass of Detergent in Methanol, 10.30 9.80 10.70 10.76 10.47 

Toluene and Hexane (mg) 

Mass of Detergent in Extra Hexane 1.90 2.30 1.90 1.83 2.40 

(mg) 
Total Mass Recovery 16.30 18.60 17.00 17.30 18.02 

(mg) 

Total Recovery 81.50 93.00 85.00 86.50 90.10 

Table 4.26 - The sorption of neutral phenate on a column of 2 nm mesoporous material showing the 

total mass recoveries and total percentage recovery of the detergent present in each solvent fraction. 
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Figure 4.31 - The mass recovery of the neutral phenate detergent on a column containing 2 nm 

mesoporous material. The graph shows the presence of neutral phenate (. ), alkyl phenol (. ) and 

silicone oil () 
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Column Retention Results 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Phenate (mg) 

Standard Deviation 

Hexane 5.14 1.02 
Methanol, Toluene and Hexane 10.43 1.26 
Extra Hexane 2.35 0.67 

Table 4.27 - The average recoveries of neutral phenate (mg) on a column of 2 nm mesoporous material 

4.7.1.4 The Retention of Overbased Phenate by a Hydrothermally 

Synthesised 2 nm Mesoporous Material 

The overbased phenate is not expected to be adsorbed by the 2 nm material due to the 
large size of the overbased phenate micelle compared to the size of the mesopore. 
The overbased phenate would therefore elute in the hexane wash. Previous studies on 
the behaviour of overbased phenate in Section 4.1 and 4.3 suggest that neutral phenate 
would be found in the methanol fraction as alkyl phenol. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 9.21 8.84 8.45 10.28 6.65 
(mg) 

Mass of Detergent in Methanol, 2.68 2.75 2.48 2.68 2.80 
Toluene and Hexane (mg) 
Mass of Detergent in Extra 4.67 5.96 4.92 4.76 5.95 

Hexane (mg) 
Total Mass Recovery 16.56 17.55 15.85 17.72 15.40 
(mg) 

Total Recovery 82.80 87.75 79.25 88.60 77.00 
(%) 

Table 4.28 - The sorption of overbased phenate on a column of 2 nm mesoporous material, showing the 

Mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.32 - The mass recovery of the overbased phenate detergent on a column containing 2 nm 

mesoporous material. The graph shows the presence of overbased phenate (. ), alkyl phenol (. ) and 

silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Phenate (mg) 

Standard Deviation 

Hexane 8.69 1.33 

Methanol, Toluene and Hexane 2.68 0.12 

Extra Hexane 5.25 0.65 

Table 4.29 - The average recoveries of overbased phenate (mg) on a column of 2 nm mesoporous 

material. 

4.7.2 The Retention of Soxhlet Extracted Neutral and Overbased 

Sulphonate and Phenate Detergent Solutions by a4 nm 

Hydrothermally Synthesised Mesoporous Material 

The 4 nm hydrothermally synthesised mesoporous material was used as a column 
packing for the elution of neutral and overbased detergent samples by hexane and then 
by methanol. The detergent contained in the hexane and methanol fractions were 
analysed for mass recovery and by infrared spectroscopy. 
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Column Retention 

4.7.2.1 The Retention of Neutral Sulphonate by a Hydrothermally 

Synthesised 4 nm Mesoporous Material 

Results 

The neutral sulphonate was expected to adsorb the neutral sulphonate within the 

mesopores of the 4 nm hydrothermally synthesised material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 0.40 0.60 0.35 0.26 0.34 

(mg) 

Mass of Detergent in Methanol, 17.10 17.20 14.70 16.50 17.40 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 1.30 1.20 1.30 1.50 1.20 

Hexane (mg) 

Total Mass Recovery 18.80 19.00 16.35 18.26 18.94 

(mg) 

Total Recovery 94.00 95.00 81.75 91.30 94.7 

Table 4.30 - The sorption of neutral sulphonate on a column of 4 nm mesoporous material showing the 

mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.33 - The mass recovery of the neutral sulphonate detergent on a column containing 4 nm 

mesoporous material. The graph shows the presence of neutral sulphonate ( ) and silicone oil () 
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Column Retention Results 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Sulphonate (mg) 

Standard Deviation 

Hexane 0.39 0.13 
Methanol, Toluene and Hexane 16.78 1.10 

Extra Hexane 1.30 0.12 

Table 4.31 - The average recoveries of neutral sulphonate (mg) on a column of 4 nm mesoporous 

material 

4.7.2.2 The Retention of Overbased Sulphonate by a Hydrothermally 

Synthesised 4 nm Mesoporous Material 

The overbased sulphonate is not expected to be adsorbed by the 4 nm mesoporous 

material due to the large size of the overbased sulphonate micelle and would therefore 

elute in the hexane wash. The methanol wash is expected to contain neutral 

sulphonate as shown in Section 2.3.6 and Section 4.3 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 13.05 12.50 11.70 10.35 13.30 
(mg) 

Mass of Detergent in Methanol, 3.25 3.05 3.80 2.35 2.55 
Toluene and Hexane (mg) 
Mass of Detergent in Extra 1.25 1.10 1.20 1.25 1.05 

Hexane (mg) 

Total Mass Recovery 17.55 16.65 16.70 13.95 16.90 
(mg) 

Total Recovery 87.75 83.25 83.50 69.75 84.50 
(%) 

Table 4.32 - The sorption of overbased sulphonate on a column of 4 nm mesoporous material showing 

the mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.34 - The mass recovery of the overbased sulphonate detergent on a column containing 4 nm 

mesoporous material. The graph shows the presence of overbased sulphonate (. ), neutral sulphonate 

( ) and silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Sulphonate (mg) 

Standard Deviation 

Hexane 12.18 1.19 

Methanol, Toluene and Hexane 3.00 0.58 

Extra Hexane 1.17 0.09 

Table 4.33 - The average recoveries of overbased sulphonate (mg) on a column of 4 nm mesoporous 

material 

4.7.2.3 The Retention of Neutral Phenate by a Hydrothermally 

Synthesised 4 nm Mesoporous Material 

The neutral phenate was expected to adsorb within the mesopores of the 4 nm 

material as previous work in Section 4.1 and Section 4.3 have shown. The neutral 

phenate would elute in the methanol fraction but has been shown in Section 2.3.5 to 

elute as alkyl phenol. 
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Column Retention Results 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 0.15 1.58 1.70 0.00 0.50 

(mg) 

Mass of Detergent in Methanol, 12.96 12.30 11.97 14.80 14.30 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 1.00 1.58 1.30 1.43 1.20 

Hexane (mg) 

Total Mass Recovery 14.11 15.46 14.97 16.23 16.00 

(mg) 

Total Recovery 70.55 77.30 74.85 81.15 80.00 

Table 4.34 - The sorption of neutral phenate on a column of 4 nm mesoporous material showing the 

mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.35 - The mass recovery of the neutral phenate detergent on a column containing 4 nm 

mesoporous material. 
silicone oil () 

The graph shows the presence of neutral phenate (. ), alkyl phenol (. ) and 
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Column Retention Results 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Phenate (mg) 

Standard Deviation 

Hexane 0.79 0.80 
Methanol, Toluene and Hexane 13.27 1.24 

Extra Hexane 1.30 0.22 

Table 4.35 - The average recoveries of neutral phenate (mg) on a column of 4 nm mesoporous material 

4.7.2.4 The Retention of Overbased Phenate by a Hydrothermally 

Synthesised 4 nm Mesoporous Material 

The overbased phenate is not expected to adsorb in the pores of the 4 nm mesoporous 

material as the sorption studies of Section 4.1 demonstrate. However, the column 

saturation studies of Section 4.3 demonstrate that the overbased phenate was partially 

adsorbed on the external surfaces of the 4 nm hydrothermally synthesised material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 3.10 4.50 3.83 4.79 3.77 
(mg) 

Mass of Detergent in Methanol, 9.90 10.60 9.70 8.99 9.69 
Toluene and Hexane (mg) 

Mass of Detergent in Extra 4.12 3.55 4.25 4.95 4.41 
Hexane (mg) 

Total Mass Recovery 17.12 18.65 17.78 18.73 17.88 

(mg) 

Total Recovery 85.60 93.25 88.90 93.65 89.40 

(%) 

Table 4.36 -The sorption of overbased phenate on a column of 4 nm mesoporous material showing the 

mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.36 - The mass recovery of the overbased phenate detergent on a column containing 4 nm 

mesoporous material. The graph shows the presence of overbased phenate (. ) and silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Phenate (mg) 

Standard Deviation 

Hexane 4.00 0.66 

Methanol, Toluene and Hexane 9.78 0.58 

Extra Hexane 4.26 0.51 

Table 4.37 - The average recoveries of overbased phenate (mg) on a column of 4 nm mesoporous 

material. 

4.7.3 The Retention of Soxhlet Extracted Neutral and Overbased 

Sulphonate and Phenate Detergent Solutions by a6 nm Hydrothermally 

Synthesised Mesoporous Material 

The 6nm hydrothermally synthesised mesoporous material was used as a column 

packing for the elution of neutral and overbased detergent samples by hexane and then 
by methanol. The detergent contained in the hexane and methanol fractions were 

analysed for mass recovery and by infrared spectroscopy. 
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Column Retention 

4.7.3.1 The Retention of Neutral Sulphonate by a Hydrothermally 

Synthesised 6nm Mesoporous Material 

Results 

The neutral sulphonate adsorbed within the mesopores of the 4 nm hydrothermally 

synthesised material and was desorbed by the methanol fraction. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 1.40 1.86 1.76 1.99 1.81 

(mg) 

Mass of Detergent in Methanol, 13.20 15.21 14.87 15.55 15.40 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 1.33 1.52 1.67 1.40 1.25 

Hexane (mg) 

Total Mass Recovery 15.93 18.59 18.30 18.94 18.46 

(mg) 

Total Recovery 79.65 92.95 91.50 94.70 92.30 

(%) 

Table 4.38 - The sorption of neutral sulphonate on a column of 6 nm mesoporous material showing the 

mass recoveries of the detergent present in each solvent fraction. 

12 

11 

10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

0 

Hexane Wash 

, ieolw, ogorý 

Extra Hexane 
Wash 

ro 
123456789 10 11 

Fraction of Sample Collected (ml) 

Figure 4.37 - The mass recovery of the neutral sulphonate detergent on a column containing 6 nm 

mesoporous material. The graph shows the presence of neutral sulphonate ( ) and silicone oil () 
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Column Retention Results 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Sulphonate (mg) 

Standard Deviation 

Hexane 1.76 0.22 

Methanol, Toluene and Hexane 14.85 0.95 

Extra Hexane 1.43 0.17 

Table 4.39 - The average recoveries of neutral sulphonate (mg) on a column of 6 nm mesoporous 

material 

4.7.3.2 The Retention of Overbased Sulphonate by a Hydrothermally 

Synthesised 6nm Mesoporous Material 

The 6 nm hydrothermally synthesised mesoporous material is not expected to adsorb 

the overbased sulphonate due to the micelle having a grater diameter than that of the 

pore. The sorption uptake studies of Section 4.1 suggests that some adsorption to the 

surface of the material occurs and the column saturation studies of Section 4.3 show 

that the 6 nm mesoporous material will strip the neutral sulphonate from the carbonate 

core, with the neutral component adsorbing within the pores of the material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 15.80 15.80 14.95 15.20 14.26 

(mg) 

Mass of Detergent in Methanol, 3.55 3.95 4.21 3.25 3.26 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.25 0.00 0.15 0.01 0.33 

Hexane (mg) 
Total Mass Recovery 19.60 19.75 19.31 18.46 17.85 

(mg) 

Total Recovery 98.00 98.75 96.55 92.30 89.25 
(%) 

Table 4.40 - The sorption of overbased sulphonate on a column of 6 nm mesoporous material showing 

the mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.38 - The mass recovery of the overbased sulphonate detergent on a column containing 6 nm 

mesoporous material. The graph shows the presence of overbased sulphonate (. ), neutral sulphonate 
( ) and silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Sulphonate (mg) 

Standard Deviation 

Hexane 15.20 0.65 

Methanol, Toluene and Hexane 3.64 0.43 

Extra Hexane 0.15 0.15 

Table 4.41 - The average recoveries of overbased sulphonate (mg) on a column of 6 nm mesoporous 

material 

4.7.3.3 The Retention of Neutral Phenate by a Hydrothermally 

Synthesised 6nm Mesoporous Material 

The 6 nm hydrothermally synthesised material is expected to adsorb the neutral 

phenate within the pores of the material as shown by previous sorption studies in 

Section 4.1. The neutral phenate is known to react with the surface of the mesoporous 

and silica gel materials to yield alkyl phenol and is demonstrated in Section 2.3.5. 
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Column Retention Results 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 1.12 1.16 1.87 0.97 1.30 

(mg) 

Mass of Detergent in Methanol, 13.60 14.20 13.20 15.80 15.30 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 2.25 1.90 1.57 2.10 1.87 

Hexane (mg) 

Total Mass Recovery 16.97 17.26 16.64 18.87 18.47 

(mg) 

Total Recovery 84.85 86.30 83.20 94.35 92.35 

(%) 

Table 4.42 - The sorption of neutral phenate on a column of 6 nm mesoporous material showing the 

mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.39 - The mass recovery of the neutral phenate detergent on a column containing 6 nm 

mesoporous material. The graph shows the presence of, neutral phenate (. ) alkyl phenol (u) and 

silicone oil () 
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Column Retention Results 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Phenate (mg) 

Standard Deviation 

Hexane 1.28 0.35 
Methanol, Toluene and Hexane 14.42 1.11 

Extra Hexane 1.94 0.26 

Table 4.43 - The average recoveries of neutral phenate (mg) on a column of 6 nm mesoporous material 

4.7.3.4 The Retention of Overbased Phenate by a Hydrothermally 

Synthesised 6 nm Mesoporous Material 

The overbased phenate was shown by dynamic light scattering studies, in Section 

2.3.3, to have a hydrodynamic radius similar to the pore size distribution of the 6 nm 

mesoporous material as shown in Section 3.7.3.3.3 which suggests that the overbased 

phenate would be partially adsorbed on the external surface of the 6 nm material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 2.02 2.27 1.92 2.39 1.88 
(mg) 

Mass of Detergent in Methanol, 6.27 6.54 5.98 5.80 6.64 
Toluene and Hexane (mg) 
Mass of Detergent in Extra 9.96 7.75 8.30 7.30 10.24 
Hexane (mg) 

Total Mass Recovery 18.25 16.56 16.20 15.49 18.76 

(mg) 

Total Recovery 91.25 82.80 81.00 77.45 93.80 
(%) 

Table 4.44 - The sorption of overbased phenate on a column of 6 nm mesoporous material showing the 

mass recoveries of the detergent present in each solvent fraction. 
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Column Retention Results 
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Figure 4.40 - The mass recovery of the overbased phenate detergent on a column containing 6 nm 

mesoporous material. The graph shows the presence of overbased phenate (. ), and silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Phenate (mg) 

Standard Deviation 

Hexane 2.10 0.22 

Methanol, Toluene and Hexane 6.25 0.36 

Extra Hexane 8.71 1.32 

Table 4.45 - The average recoveries of overbased phenate (mg) on a column of 6 nm mesoporous 

material 

4.7.4 The Retention of Soxhlet Extracted Neutral and Overbased 

Sulphonate and Phenate Detergent Solutions by a4 nm Room 

Temperature Synthesised Mesoporous Material 

The 4nm room temperature synthesised mesoporous material was used as a column 
packing for the elution of neutral and overbased detergent samples by hexane and then 
by methanol. The detergent contained in the hexane and methanol fractions were 
analysed for mass recovery and by infrared spectroscopy. 
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Column Retention 

4.7.4.1 The Retention of Neutral Sulphonate by a4 nm Room 

Temperature Synthesised Mesoporous Material 

Results 

The neutral sulphonate was expected to be small enough to adsorb within the pores of 
the 4 nm room temperature synthesised material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 1.08 2.21 1.54 1.34 1.29 

(mg) 

Mass of Detergent in Methanol, 16.56 16.41 15.91 17.77 17.01 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.00 0.32 0.20 0.17 0.13 

Hexane (mg) 

Total Mass Recovery 17.64 18.94 17.65 19.28 18.43 

(mg) 

Total Recovery 88.20 94.70 88.25 96.40 92.15 

(%) 

Table 4.46 - The sorption of neutral sulphonate on a column of room temperature synthesised 4 nm 

mesoporous material showing the mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.41 - The mass recovery of the neutral sulphonate detergent on a column containing 4 nm room 
temperature synthesised mesoporous material. The graph shows the presence of neutral sulphonate ( ) 

and silicone oil () 
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Column Retention Results 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Sulphonate (mg) 

Standard Deviation 

Hexane 1.49 0.43 

Methanol, Toluene and Hexane 16.73 0.70 

Extra Hexane 0.16 0.12 

Table 4.47 - The average recoveries of neutral sulphonate (mg) on a column of 4 nm mesoporous 

material 

4.7.4.2 The Retention of Overbased Sulphonate by a4 nm Room 

Temperature Synthesised Mesoporous Material 

The overbased sulphonate was not expected to be adsorbed by the 4 nm room 

temperature synthesised material as the detergent micelle has a greater diameter than 

the mesoporous material pores. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 14.80 15.35 14.44 15.90 14.36 

(mg) 

Mass of Detergent in Methanol, 3.25 3.45 4.61 3.75 3.06 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.15 630 0.25 0.11 0.23 

Hexane (mg) 

Total Mass Recovery 18.20 19.10 19.30 19.76 17.65 

(mg) 

Total Recovery 91.00 95.50 96.50 98.80 88.25 

(%) 

Table 4.48 - The sorption of overbased sulphonate on a column of 4 nm room temperature synthesised 

mesoporous material showing the mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.42 - The mass recovery of the overbased sulphonate detergent on a column containing 4 nm 

room temperature synthesised mesoporous material. The graph shows the presence of overbased 

sulphonate (. ), neutral sulphonate ( ) and silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Sulphonate (mg) 

Standard Deviation 

Hexane 14.97 1.09 

Methanol, Toluene and Hexane 3.62 0.82 

Extra Hexane 0.20 0.17 

Table 4.49 - The average recoveries of overbased sulphonate (mg) on a column of 4 nm mesoporous 

material 

4.7.4.3 The Retention of Neutral Phenate by a4 nm Room 

Temperature Synthesised Mesoporous Material 

The neutral phenate is expected to be small enough to adsorb within the pores of the 
4 nm room temperature material as previous column studies have shown in Section 
4.3. The elution of the detergent off the column by methanol results in the neutral 

phenate reacting to form alkyl phenol as shown in Section 2.3.5. 
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Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 1.30 1.00 1.75 2.4 1.59 

(mg) 

Mass of Detergent in Methanol, 15.40 15.6 14.52 14.33 15.98 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 1.00 2.00 1.22 0.32 0.95 

Hexane (mg) 

Total Mass Recovery 17.70 18.60 17.49 17.05 18.52 

(mg) 

Total Recovery 88.50 93.00 87.45 85.25 92.60 

(%) 

Table 4.50 - The sorption of neutral phenate on a column of 4 nm room temperature synthesised 

mesoporous material. The Table shows the total mass and percentage recoveries of the detergent 

present in each solvent fraction. 

1 2 3 45678 
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Figure 4.43 - The mass recovery of the neutral phenate detergent on a column containing 4 nm room 

temperature synthesised mesoporous material. The graph shows the presence of, neutral phenate (. ) 

alkyl phenol (. ) and silicone oil () 
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Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Phenate (mg) 

Standard Deviation 

Hexane 1.68 0.52 
Methanol, Toluene and Hexane 15.1 0.71 

Extra Hexane 1.09 0.6 

Table 4.51 - The average recoveries of neutral phenate (mg) on a column of 4 nm mesoporous material 

4.7.4.4 The Retention of Overbased Phenate by a4 nm Room 

Temperature Synthesised Mesoporous Material 

The previous column elution studies of Section 4.3 have demonstrated that the 

overbased phenate will not adsorb within the pores of the room temperature material 
due to the large size of the overbased micelle. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 9.90 8.90 8.12 9.44 7.70 

(mg) 

Mass of Detergent in Methanol, 3.40 3.40 2.74 3.12 2.94 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 4.20 3.70 4.65 5.45 5.95 

Hexane (mg) 

Total Mass Recovery 17.50 16.00 15.51 18.01 16.59 

(mg) 

Table 4.52 -The sorption of overbased phenate on a column of 4 nm room temperature synthesised 

mesoporous material showing the mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.44 - The mass recovery of the overbased phenate detergent on a column containing 4 nm room 

temperature synthesised mesoporous material as a column packing. The graph shows the presence of 

overbased phenate (. ), alkyl phenol (. ) and silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Phenate (mg) 

Standard Deviation 

Hexane 8.81 0.91 

Methanol, Toluene and Hexane 3.12 0.29 

Extra Hexane 4.79 0.91 

Table 4.53 - The average recoveries of overbased phenate (mg) on a column of 4 nm mesoporous 

material 

4.7.5 The Retention of Soxhlet Extracted Neutral and Overbased 

Sulphonate and Phenate Detergent Solutions by the 4 nm Mobil 

Mesoporous Material (MZ1362) 

The sorption uptake studies of Section 4.1 and Table 4.7 demonstrated that the 4 nm 
Mobil mesoporous material, which has aluminium in the framework at a ratio of 40: 1 

adsorbed the most neutral sulphonate and phenate out of all the materials tested. It is 

expected that this material will successfully adsorb the samples of neutral sulphonate 

and phenate exposed to it, but not adsorb the overbased sulphonate and phenate 
detergents which have radii greater than the mesoporous material pore opening. For 
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this material the column was not eluted by an extra hexane wash so that total 

recoveries are expected to be considerably lower than for the other mesoporous 

materials. 

4.7.5.1 The Retention of Neutral Sulphonate by the Mobil 4 nm 
Mesoporous Material 

The neutral sulphonate is expected to be adsorbed by the Mobil 4 nm mesoporous 

material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 0.70 1.00 0.80 0.90 1.00 
(mg) 

Mass of Detergent in Methanol, 15.40 17.50 16.80 16.20 18.00 

Toluene and Hexane (mg) 
Total Mass Recovery 16.10 18.50 18.60 17.10 19.00 

(mg) 

Total Recovery 80.50 92.50 93.00 85.50 95.00 
(%) 

Table 4.54 - The sorption of neutral sulphonate on column of mesoporous material MZ1362. showing 

the mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.45 - The mass recovery of the neutral sulphonate detergent on a column containing 4 nm 

mesoporous material from Mobil. The graph shows the presence of neutral sulphonate (. ) and silicone 

oil( ) 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Sulphonate (mg) 

Standard Deviation 

Hexane 1.08 0.42 

Methanol 16.78 1.03 

Table 4.55 - The average recoveries of neutral sulphonate (mg) on a column of 4 nm mesoporous 

material 

4.7.5.2 The Retention of Overbased Sulphonate by the Mobil 4 

Mesoporous Material 

The overbased sulphonate is not expected to be adsorbed by the 4 nm Mobil material 

as the overbased micelle is larger than the pore opening of the material. 
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Experiment Number 1 2 3 4 5 

Mass of Detergent Used 15.00 15.00 15.00 15.00 15.00 

(mg) 

Mass of Detergent in Hexane 9.80 9.50 8.90 9.27 8.99 

(mg) 

Mass of Detergent in Methanol, 4.60 3.70 3.00 4.21 4.57 

Toluene and Hexane (mg) 

Total Mass Recovery 14.40 13.20 11.90 13.48 13.56 

(mg) 

Total Recovery 72.00 66.00 59.50 67.40 67.80 

(%) 

Table 4.56 - The sorption of overbased sulphonate on column of mesoporous material MZ 1362. The 

showing the mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.46 - The mass recovery of the overbased sulphonate detergent on a column containing 

MZ1362. The graph shows the presence of overbased sulphonate (. ) and neutral sulphonate ( ) 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Sulphonate (mg) 

Standard Deviation 

Hexane 9.29 0.37 

Methanol, Toluene and Hexane 4.02 0.67 

Table 4.57 - The average recoveries of overbased sulphonate (mg) on a column of 4 nm mesoporous 

material 
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4.7.5.3 The Retention of Neutral Phenate the Mobil 4 nm Mesoporous 

Material 

The neutral phenate was shown by sorption uptake studies in Section 4.1 to adsorb in 

the pores of the 4 nm Mobil material. The neutral phenate reacts with the surface of 

the mesoporous material in the presence of methanol to form alkyl phenol. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 5.20 5.80 4.50 5.00 4.60 

(mg) 

Mass of Detergent in Methanol, 14.40 14.10 14.00 11.40 15.80 

Toluene and Hexane (mg) 

Total Mass Recovery 19.60 19.90 18.50 16.40 20.40 

(mg) 

Total Recovery 98.00 99.50 92.50 82.00 102.00 

(%) 

Table 4.58 - The sorption of neutral phenate on column of mesoporous material MZ1362 showing the 

mass recoveries of the detergent present in each solvent fraction. 
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Figure 4.47 - The mass recovery of the neutral phenate detergent on a column containing 4 nm 

mesoporous material from Mobil. The graph shows the presence of, neutral phenate (. ) and alkyl 

phenol (a) 

211 



Column Retention Results 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Phenate (mg) 

Standard Deviation 

Hexane 5.02 0.52 

Methanol 13.94 1.59 

Table 4.59 - The average recoveries of neutral phenate (mg) on a column of 4 nm mesoporous material 

4.7.5.4 The Retention of Overbased Phenate by the 4 nm Mobil 

Mesoporous Material 

The overbased phenate is not expected to be adsorbed by the Mobil 4 nm mesoporous 

material due to the large size of the overbased phenate micelle. For this column, only 
15 mg of detergent was eluted. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 15.00 15.00 15.00 15.00 15.00 
(mg) 

Mass of Detergent in Hexane 2.90 1.90 2.10 2.00 2.20 

(mg) 

Mass of Detergent in Methanol 6.80 4.50 8.10 5.60 6.60 

solution (mg) 

Total Mass Recovery 9.70 6.40 10.20 7.60 8.80 
(mg) 

Total Recovery 64.46 42.66 68.00 50.66 58.66 
(%) 

Table 4.60 -The sorption of overbased phenate on a column containing mesoporous material MZ1362 

showing the total mass and percentage recoveries of the detergent present in each solvent fraction. 
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Figure 4.48 - The mass recovery of the overbased phenate detergent on a column containing 4 nm 

Mobil material. The graph shows the presence of overbased phenate (. ) and alkyl phenol oil (. ) 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Phenate 

Standard Deviation 

Hexane 2.22 0.40 

Methanol 6.32 1.35 

Table 4.61 - The average recoveries of overbased phenate (mg) on a column of 4 nm mesoporous 

material 

4.7.6 The Retention of Soxhlet Extracted Neutral and Overbased 

Sulphonate and Phenate Detergent Solutions by the Silica Gel 

Materials 

The Silica gel materials do not possess channelled pores like the mesoporous 

materials and therefore are not expected to adsorb any of the overbased or neutral 

sulphonate and phenate detergents. However, the silica gel materials do have high 

surface areas relative to the mesoporous materials and nitrogen BET values of 
600m2/g were quoted by Fluka Chemicals. (227) The large surface area would allow 

some surface adsorption of the neutral detergents as demonstrated by the sorption 

uptake experiments in Section 4.1. 
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4.7.6.1 The Retention of Neutral Sulphonate by a Silica Gel 40 Size 

Exclusion Material 

Results 

The neutral sulphonate is expected to partially adsorb on the Silica gel 40 material due 

to interactions with the external surfaces of the column packing material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 16.09 14.89 14.95 14.68 14.26 

(mg) 

Mass of Detergent in Methanol, 2.25 1.19 1.85 2.74 2.34 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.34 0.28 0.25 0.37 0.24 

Hexane (mg) 

Total Mass Recovery 18.68 16.36 17.05 17.79 16.84 

(mg) 

Total Recovery 93.40 81.80 85.25 88.95 84.20 
(%) 

Table 4.62- The sorption of neutral sulphonate on a column of Silica Gel 40 showing the recovery of 

the detergent present in each solvent fraction. 
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Figure 4.49 - The mass recovery of the neutral sulphonate detergent on a column containing a silica gel 

40 material and shows the presence of neutral sulphonate (a) and silicone oil () 
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Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Sulphonate (mg) 

Standard Deviation 

Hexane 14.97 0.68 

Methanol, Toluene and Hexane 2.07 0.59 

Extra Hexane 0.30 0.06 

Table 4.63 - The average recoveries of neutral sulphonate (mg) on a column of Silica Gel 40 material 

4.7.6.2 The Retention of Overbased Sulphonate by a Silica Gel 40 Size 

Exclusion Material 

The overbased sulphonate is not expected to adsorb on the Silica gel 40 size exclusion 

column packing with the exception of some surface adsorption. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 16.97 16.33 17.35 17.29 15.92 

(mg) 

Mass of Detergent in Methanol, 1.87 2.25 1.57 2.19 2.97 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.27 0.22 031 0.24 0.42 

Hexane (mg) 

Total Mass Recovery 19.11 18.80 19.23 19.72 19.31 

(mg) 

Total Recovery %. 17 94.00 96.15 98.60 %. 55 
(%) 

Table 4.64 - The sorption of overbased sulphonate on a column of Silica Gel 40 showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.50 - The mass recovery of the overbased sulphonate detergent on a column containing silica 

gel 40 material as a column packing. The graph shows the presence of overbased sulphonate (. ), 

neutral sulphonate ( ) and silicone oil ( ). 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Sulphonate (mg) 

Standard Deviation 

Hexane 16.77 0.63 

Methanol, Toluene and Hexane 2.17 0.52 

Extra Hexane 0.29 0.08 

Table 4.65 - The average recoveries of overbased sulphonate (mg) on a column of Silica Gel 40 

material 

4.7.6.3 The Retention of Neutral Phenate by a Silica Gel 40 Size Exclusion 

Material 

The neutral phenate is expected to partially adsorb on the Silica gel 40 material due to 

interactions with the external surfaces of the column packing material. 
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Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 15.80 15.80 14.95 15.49 15.59 

(mg) 

Mass of Detergent in Methanol, 3.55 3.95 4.21 4.00 3.91 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.25 0.00 0.15 0.00 0.40 

Hexane (mg) 

Total Mass Recovery 19.60 19.75 19.31 19.49 19.90 

(mg) 

Total Recovery 98.00 98.75 96.55 97.45 99.50 

Table 4.66 - The sorption of neutral phenate on a column of Silica Gel 40. The Table shows the total 

mass recoveries of the detergent present in each solvent fraction. The experiment was repeated 5 times 
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Figure 4.51 - The mass recovery of the neutral phenate detergent on a column containing silica gel 40 

material. The graph shows the presence of neutral phenate (. ), alkyl phenol (. ) and silicone oil ( ). 
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Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Phenate (mg) 

Standard Deviation 

Hexane 15.53 0.35 
Methanol, Toluene and Hexane 3.92 0.24 

Extra Hexane 0.16 0.17 

Table 4.67 - The average recoveries of neutral phenate (mg) on a column of Silica Gel 40 material 

4.7.6.4 The Retention of Overbased Phenate by a Silica Gel 40 Size 

Exclusion Material 

Overbased phenate is not expected to be adsorbed by the Silica gel 40 material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 17.45 17.23 16.45 17.15 16.30 
(mg) 

Mass of Detergent in Methanol, 1.54 2.25 1.42 1.62 2.15 
Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.27 0.37 0.20 0.36 0.18 
Hexane (mg) 

Total Mass Recovery 19.26 19.85 18.07 19.13 18.63 
(mg) 

Total Recovery 96.30 99.25 90.35 95.65 93.15 
(%) 

Table 4.68 - The sorption of overbased phenate on a column of Silica Gel 40 showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.52 - The mass recovery of the overbased phenate detergent on a column containing silica gel 

40. The graph shows the presence of overbased phenate (. ), alkyl phenol (. ) and silicone oil ( ). 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Phenate (mg) 

Standard Deviation 

Hexane 16.92 0.51 

Methanol, Toluene and Hexane 1.80 0.38 

Extra Hexane 0.28 0.09 

Table 4.69 - The average recoveries of overbased phenate (mg) on a column of Silica Gel 40 material 

4.7.6.5 The Retention of Neutral Sulphonate by a Silica Gel 60 Size 

Exclusion Material 

The neutral sulphonate is expected to partially adsorb on the Silica gel 60 material due 

to interactions with the external surfaces of the column packing material. 
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Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 15.27 14.78 14.51 15.66 14.17 

(mg) 

Mass of Detergent in Methanol, 2.66 3.25 2.48 3.09 2.47 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.25 0.34 0.28 0.49 0.14 

Hexane (mg) 

Total Mass Recovery 18.18 18.37 17.27 19.24 16.78 

(mg) 

Total Recovery 90.90 91.85 86.35 96.20 83.90 

(%) 

Table 4.70 - The sorption of neutral sulphonate on a column of Silica Gel 60 showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.53 - The mass recovery of the neutral sulphonate detergent on a column containing silica gel 

60 material. The graph shows the presence of neutral sulphonate (. ) and silicone oil () 
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Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Sulphonate (mg) 

Standard Deviation 

Hexane 14.88 0.59 
Methanol, Toluene and Hexane 2.79 0.36 

Extra Hexane 0.30 0.13 

Table 4.71 - The average recoveries of neutral sulphonate (mg) on a column of Silica Gel 60 material. 

4.7.6.6 The Retention of Overbased Sulphonate by a Silica Gel 60 Size 

Exclusion Material 

The overbased sulphonate is not expected to adsorb on the Silica gel 40 size exclusion 

column packing with the exception of some surface adsorption. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 18.64 17.99 17.68 18.34 18.88 

(mg) 

Mass of Detergent in Methanol, 1.08 0.88 0.84 1.29 0.60 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.27 0.22 0.31 0.16 0.00 

Hexane (mg) 
Total Mass Recovery 19.99 19.09 18.83 19.79 19.48 

(mg) 

Total Recovery 99.95 95.45 94.15 98.95 97.40 
(%) 

Table 4.72 - The sorption of overbased sulphonate on a column of Silica Gel 60 showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.54 - The mass recovery of the overbased sulphonate detergent on a column containing silica 

gel 60 material. The graph shows the presence of overbased sulphonate (. ) neutral sulphonate (. ) 

and silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Sulphonate (mg) 

Standard Deviation 

Hexane 18.31 0.48 

Methanol, Toluene and Hexane 0.94 0.26 

Extra Hexane 0.19 0.12 

Table 4.73 - The average recoveries of overbased sulphonate (mg) on a column of Silica Gel 60 

material. 

4.7.6.7 The Retention of Neutral Phenate by a Silica Gel 60 Size 

Exclusion Material 

The neutral phenate is expected to partially adsorb on the Silica gel 60 material due to 

interactions with the external surfaces of the column packing material. 
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Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 

(mg) 

Mass of Detergent in Hexane 11.47 11.21 10.55 10.35 11.54 

(mg) 

Mass of Detergent in Methanol, 4.77 4.23 4.21 4.50 5.11 

Toluene and Hexane (mg) 

Mass of Detergent in Extra 0.31 0.22 0.15 0.16 0.31 

Hexane (mg) 

Total Mass Recovery 16.55 15.66 14.91 15.01 16.96 

(mg) 

Total Recovery 82.75 78.30 74.55 75.05 84.80 

(%) 

Table 4.74 - The sorption of neutral phenate on a column of Silica Gel 60. The Table shows the total 

mass and percentage recoveries of the detergent present in each solvent fraction. The experiment was 

repeated 5 times 
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Figure 4.55 -- The mass recovery of the neutral phenate detergent on a column containing silica gel 60 

material. The graph shows the presence of neutral phenate (. ), alkyl phenol (. ) and silicone oil () 
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Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Phenate (mg) 

Standard Deviation 

Hexane 11.02 0.54 
Methanol, Toluene and Hexane 4.56 0.38 

Extra Hexane 0.23 0.08 

Table 4.75 - The average recoveries of neutral phenate (mg) on a column of Silica Gel 60 material. 

4.7.6.8 The Retention of Overbased Phenate by a Silica Gel 60 Size 

Exclusion Material 

The overbased phenate is not expected to be adsorbed by the Silica gel 60 material. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 20.00 20.00 20.00 20.00 20.00 
(mg) 

Mass of Detergent in Hexane 15.65 16.87 15.24 15.06 17.07 
(mg) 

Mass of Detergent in Methanol, 1.74 1.25 1.72 1.42 1.62 
Toluene and Hexane (mg) 
Mass of Detergent in Extra 0.25 0.35 0.32 0.32 0.31 

Hexane (mg) 
Total Mass Recovery 17.64 18.47 17.28 16.80 19.00 
(mg) 

Total Recovery 88.20 92.35 86.40 84.00 95.00 
(%) 

Table 4.76 - The sorption of overbased phenate on a column of Silica Gel 60 showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.56 - The mass recovery of the overbased phenate detergent on a column containing silica gel 
60. The graph shows the presence of overbased phenate (. ) and silicone oil () 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Phenate (mg) 

Standard Deviation 

Hexane 15.98 0.93 

Methanol, Toluene and Hexane 1.55 0.21 

Extra Hexane 0.31 0.04 

Table 4.77 - The average recoveries of overbased phenate (mg) on a column of Silica Gel 60 material. 

4.7.7 The Retention of Soxhlet Extracted Neutral and Overbased 

Sulphonate and Phenate Detergent Solutions by Zeolite Sodium Y 

The neutral and overbased sulphonate and phenate additives are not expected to 

adsorb within a material with a pore size of 0.74 nm demonstrating the sorption 

abilities of the external surfaces of the zeolite. Sodium Y contains aluminium in the 
framework and sodium cations in the pores which promotes surface adsorption of the 

neutral detergents as shown to occur by the incorporation of aluminium in the Mobil 

mesoporous material. For this experiment, the concentration of the detergent solution 

eluted was not constant as shown in Table 4.78 
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4.7.7.1 The Retention of Neutral Sulphonate by Zeolite Sodium V 

Results 

The neutral sulphonate is expected to partially adsorb to the external surfaces of the 

zeolite and not within the small pores of the zeolite framework. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 10.00 10.00 12.00 15.00 20.00 

(mg) 

Mass of Detergent in Hexane 4.70 5.70 5.80 8.10 9.50 

(mg) 

Mass of Detergent in Methanol, 4.70 4.40 5.40 6.00 7.50 

Toluene and Hexane (mg) 

Total Mass Recovery 9.40 10.10 11.20 14.10 17.00 

(mg) 

Total Recovery 94.00 101.00 93.00 94.00 85.00 

Table 4.78 - The sorption of neutral sulphonate on a column of Zeolite sodium Y showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.57 - The average mass recoveries of the neutral sulphonate detergent on a column containing 

Sodium Y. The graph shows the presence of neutral sulphonate ( ). 
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Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Sulphonate (mg) 

Standard Deviation 

Hexane 6.76 1.97 
Methanol 5.60 1.23 

Table 4.79 - The average recoveries of neutral sulphonate (mg) on a column of Sodium Y. 

4.7.7.2 The Retention of Overbased Sulphonate by Zeolite Sodium Y 

The overbased sulphonate is not expected to be adsorbed by the zeolite due to the 
large diameter of the overbased sulphonate micelle compared to the pore size of 

sodium Y, however with the increased amount of aluminium in the framework and the 

sodium in the pores of the zeolite, it is expected that the overbased micelle will be 

stripped more readily than it was with the mesoporous and silica gel materials. The 

amount of detergent applied to the columns varied as shown in Table 4.80. 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 12.00 14.00 16.00 18.00 20.00 

(mg) 

Mass of Detergent in Hexane 5.80 5.50 9.30 10.50 13.60 
(mg) 

Mass of Detergent in Methanol, 6.00 7.60 4.60 6.00 6.10 

Toluene and Hexane (mg) 
Total Mass Recovery 11.80 13.10 13.90 16.50 19.70 
(mg) 

Total Recovery 98.33 93.57 86.87 91.66 98.50 

(%) 

Table 4.80 - The sorption of overbased sulphonate on a column of Zeolite sodium Y showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.58 - The average mass recovery (20 mg) of the overbased sulphonate detergent on a column 

containing Sodium Y. The graph shows the presence of overbased sulphonate (. ) and neutral 

sulphonate ( ). 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of 

Overbased Sulphonate (mg) 

Standard Deviation 

Hexane 9.6 2.51 

Methanol 7.8 1.23 

Table 4.81 - The average recoveries of overbased sulphonate (mg) on a column of Sodium Y. 

4.7.7.3 The Retention of Neutral Phenate by Zeolite Sodium Y 

The sterically hindered bidentate neutral phenate is not expected to enter the small 

pores of zeolite sodium Y. 
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Experiment Number 1 2 3 4 5 

Mass of Detergent Used 10.00 15.00 15.00 15.00 15.00 

(mg) 

Mass of Detergent in Hexane 0.00 3.50 1.50 1.90 1.70 

(mg) 

Mass of Detergent in Methanol, 8.10 11.20 11.70 10.40 10.00 

Toluene and Hexane (mg) 

Total Mass Recovery 8.10 14.70 13.20 12.30 11.70 

(mg) 

Total Recovery 81.00 98.00 88.00 82.00 78.00 

(%) 

Table 4.82 - The sorption of neutral phenate on a column of Zeolite sodium Y showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.59 - The average mass recovery of the neutral phenate detergent on a column containing 

zeolite sodium Y. The graph shows the presence of neutral phenate (. ) and alkyl phenol (. ). 

Solvent used to Collect Detergent 

Fraction 

Average Recovery of Neutral 

Phenate (mg) 

Standard Deviation 

Hexane 1.38 1.44 

Methanol 8.28 1.59 

Table 4.83 - The average recoveries of neutral phenate (mg) on a column of Sodium Y. 
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4.7.7.4 The Retention of Overbased Phenate by Zeolite Sodium V 

The overbased phenate is not expected to enter the small pores of the zeolite. 

Results 

Experiment Number 1 2 3 4 5 

Mass of Detergent Used 12.00 14.00 16.00 18.00 20.00 

(mg) 

Mass of Detergent in Hexane 4.21 5.31 7.44 7.68 9.45 

(mg) 

Mass of Detergent in Methanol, 7.81 8.24 7.65 8.99 10.12 

Toluene and Hexane (mg) 

Total Mass Recovery 12.02 13.55 15.09 16.67 19.57 

(mg) 

Total Recovery 100.16 96.78 94.31 92.61 97.85 

(%) 

Table 4.84 - The sorption of overbased phenate on a column of Zeolite sodium Y showing the mass 

recoveries of the detergent present in each solvent fraction. 
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Figure 4.60 - The average mass recoveries of the overbased phenate detergent on a column containing 

Zeolite Sodium Y. The graph shows the presence of overbased phenate (. ) and alkyl phenol (. ). 
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Solvent used to Collect Detergent 
Fraction 

Average Recovery of 
Overbased (mg) 

Standard Deviation 

Hexane 5.44 1.80 

Methanol 5.88 1.24 

Table 4.85 - The average recoveries of overbased phenate (mg) on a column of Sodium Y. 
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4.8 The Column Retention of the Neutral and Overbased Sulphonate and 
Phenate Detergents by Various Mesoporous and Silica Gel Materials 

This section summarises the column retention results obtained in Section 4.7 for the 
Soxhlet extracted detergent solutions. 

4.8.1 The Column Retention of Neutral Sulphonate by Various Mesoporous 

and Silica Gel Materials 

The neutral sulphonate is shown by Figure 4.61 to be retained by all the mesoporous 

materials with the exception of the 2 nm material which had a relatively high amount 

of detergent elution in the hexane fraction. The silica gel materials adsorb very small 

amounts of detergent on the external surfaces of the material only. All of the 

materials examined shows a presence of silicone oil in the extra hexane wash which is 

discussed in Section 4.12.3. The zeolite, sodium-y is shown to retain half of the 

neutral sulphonate exposed to it and suggests that the amount of external adsorption is 

high. 
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Figure 4.61 - The average mass recoveries of neutral sulphonate on various mesoporous and silica gel 

materials. 
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4.8.2 The Column Retention of Overbased Sulphonate by various Mesoporous 

and Silica Gel Materials 

The overbased sulphonate is shown by Figure 4.62 not to be retained by any of the 

column packing materials and elution of the sulphonate was in the hexane wash, 
however the methanol fraction was shown by infrared analysis to contain neutral 

sulphonate which suggests the column packing strips the overbased micelle off the 

neutral component. This is demonstrated by elution of overbased sulphonate through 

a column containing sodium-y which stripped almost half of the overbased sulphonate 

sample exposed to it. 
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Figure 4.62 - The average mass recoveries of overbased sulphonate on various mesoporous and silica 

gel materials. 
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4.8.3 The Column Retention of Neutral Phenate by various Mesoporous and 
Silica Gel Materials 

The neutral phenate is shown by Figure 4.63 to be completely retained by the 4 nm 

and 6 nm hydrothermally synthesised and the Mobil mesoporous materials and 

partially retained by the 2 nm hydrothermally, 4 nm room temperature synthesised 

materials and by sodium-y. The silica gel materials adsorb some neutral phenate 

which elutes as alkyl phenol in the methanol fraction as previously described in 

Section 2.3.5 but the majority of detergent sample elutes in the hexane wash 

unchanged suggesting the silica gel materials would purify a sample of neutral 

phenate. The phenate has a strong interaction with the polar surface of sodium-y. 
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Figure 4.63 - The average mass recoveries of neutral phenate on various mesoporous and silica gel 

materials. 
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4.8.4 The Column Retention of Overbased Phenate by various Mesoporous and 
Silica Gel Materials 

The overbased phenate is shown by Figure 4.64 not to be retained by the silica gel 

materials except for some adsorption to the external surfaces of the material. The 

overbased phenate is partially retained by the hydrothermally synthesised 4 nm and 

6 nm mesoporous materials and some retention by the 2nm hydrothermally and 4 nm 

room temperature synthesised materials. sodium-y is shown to adsorb half of the 

detergent sample on the external surfaces of the material however, both overbased 

phenate and alkyl phenol are present in the methanol wash suggesting the whole 

micelle is surface adsorbed to the zeolite. 
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Figure 4.64 - The average mass recoveries of overbased phenate on various mesoporous and silica gel 

materials. 
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4.9 Heats of Adsorption 

The heat of adsorption is a reliable technique for determining the interaction of guest 

molecules introduced onto a surface interface. The adsorption abilities of different 

compounds that formed the constituents of the detergent surfactants was investigated 

by eluting each compound through mesoporous materials and silica gel columns on a 

gas chromatograph. The determination of the heat of adsorption of these compounds 

would indicate which part of the detergent molecule is strongly adsorbed to the 

silicate materials. Heats of adsorption are determined from the gradient of a plot of 

retention time as a function of temperature as given by: - 

in tm =C- [AH / (R*Tý)] 
Equation 4.1 

The Boltzman constant is represented by R, the heat of adsorption is OH and C is a 

function of the entropy of adsorption. The corrected retention times (tm) of the sample 

are determined by subtraction of the solvent (hexane) retention time from the sample 

retention time as shown in the following equation: 

tm = (trto) * (TG 
+ f) 

Equation 4.2 

Where tr and t° are the retention times of the sample and solvent respectively and T, 

and Tf is the temperature of the column and the column temperature when the flow 

rate was measured, respectively. For this investigation, tr was the retention time of 

sample, t° was the retention time of hexane and Tr was 298 K (25 °C). 

The retention times of solvent and sample were used to calculate the capacity factor, 

K' which is used to describe the migration rates of analytes on column, K'A, the 

capacity factor for analyte A in a sample of species A and B is calculated from 

Equation 4.3; (234) 

KtA ' 
tr - 

to 

Equation 4.3 
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Where t, is the retention time of the sample A and to is the retention time of the solvent 

B. When the capacity factor is less than unity, elution occurs so rapidly that retention 

times are difficult to obtain, whereas for values larger than 20 or 30, elution takes a 

very long time: the ideal capacity factor normally having values that are between 1 

and 5. (234) 

The separation or selectivity factor, a of a column for the two species KA and KB is 

defined by Equation 4.4 (234) 

a=Ke 
K1e 

KA K'A 

Equation 4.4 
Where KA and KB are the partition coefficients defined by Equation 4.1 where KB is 

the more strongly retained sample. The selectivity factor may also be calculated from 

Equation 4.5 which incorporates the capacity factor of Equation 4.3 with the 

selectivity factor equation of 4.4 (234) to give; 

a 
(t')" - to, 

Or)A -to 

Equation 4.5 

Where (tr)B is the retention time of the longest eluting component, ON is the retention 

time of the fastest eluting component and to is the retention time of the solvent 
(hexane). The selectivity factor may be used for samples containing mixed 

components or isomeric samples and for a separation to occur, a is greater than 1. (238) 

4.9.1 Determination of the Heats of Adsorption of Various Compounds on the 

Mesoporous and Silicate Materials 

This section examines the procedures used in determining the heats of adsorption of 

various organic compounds in hexane on the mesoporous and silica gel materials. 

4.9.1.1 List of Chemicals Required in the Determination of Heats of 

Adsorption 

The following list of chemicals was used in the heats of adsorption studies. 
Aniline Aldrich 

Benzene Fisher 
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Dodecane Fluka 

Dodecyl Benzene Fluka 

Dodecyl Benzene Sulphonic Acid Fluka 

Dodecyl Phenol Fluka 

Phenol BDH 

Toluene Fisher 

Silica Gel 40 Fluka 

Silica Gel 60 Fluka 

2 nm Mesoporous Material DMU 

6 nm Mesoporous Material DMU 

Hexane Fisher 

Methodology 

4.9.1.2 Gas Chromatography Conditions used in the Heats of Adsorption 

Studies 

The gas chromatograph used was an Ai Cambridge 94 gas chromatograph fitted with 

a flame ionisation detector and controlled by a Psion organiser. The data was 

collected on an integrator with an attenuation set predominately at 16 and the chart 

speed set at 0.5 cm/min. A glass column (1 m single coil) was packed with the 

required silicate material which had been pelletised and sieved to 200 µm and 

conditioned for 12 hours at 100 °C with flowing nitrogen passing through the column. 

The column temperature range used in the experiment was between 300°C and 

440°C and the injector / detector temperatures were 25°C above the column 

temperature until the temperature limit of the machine was reached where the injector 

/ detector temperatures were held at 450°C. The flow rate of nitrogen through the 

column was set at 20 ml/min at 25°C. Each sample was injected twice and the 

average retention time taken. 

4.9.1.3 Sample Preparation 

The samples under investigation are shown in Table 4.86 and were prepared by 

adding 1g of each sample into a 100 ml volumetric flask and diluting to the mark 

with hexane which was then injected as a2 µi aliquot through the GC column. 
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Sample Concentration in Hexane 

(8/ml) 

Volume of sample injected 

(µl) 

Aniline 0.01 2 

Benzene 0.01 2 

Toluene 0.01 2 

Phenol 0.01 2 

Dodecane 0.01 2 

Dodecyl Benzene 0.01 2 

Dodecyl Benzene Sulphonic Acid 0.01 2 

Dodecyl Phenol 0.01 2 

Table 4.86 - The concentration and injection volumes of various compounds used in the determination 

of the heats of adsorption. 
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4.10 The Heats of Adsorption of Organic Compounds on Various 

Mesoporous and Silica gel Materials 

This section shows the results obtained for the heats of adsorption of the various 

compounds on various mesoporous and silica gel materials used as gas 

chromatography columns. 

4.10.1 The Heat of Adsorption of Aniline on Mesoporous and Silica Gel 

Materials 

Aniline is expected to be small enough to adsorb within the pores of the mesoporous 

materials and on the external surfaces of the silica gel materials. 

4.10.1.1 The Heat of Adsorption of Aniline on a2 nm Mesoporous Material 

The 2 nm mesoporous material is expected to have large enough pores to adsorb 

aniline. The largest error obtained from the standard deviation of the average 

retention time of aniline was 0.028 minutes. (1.68 seconds) 

Temperature 

(°C) 

Temperature 

(K) 

tr aniline 
(min) 

t hexane 

(min) 

tm 

(min) 

In tm 1/RT K Amine 

300 573 2.38 0.52 3.58 0.209 1.274 3.61 

320 593 1.81 0.50 2.61 0.202 0.967 2.62 

340 613 1.51 0.50 2.08 0.1% 0.731 2.02 

360 633 1.26 0.48 1.66 0.190 0.504 1.63 

380 653 1.12 0.47 1.42 0.184 0.353 1.38 

Table 4.87 - The corrected retention times, (tm) for aniline on a2 nm mesoporous material with a 

nitrogen carrier gas flow rate of 20 ml/min. 

4.10.1.2 The Heat of Adsorption of Aniline on a6 nm Mesoporous Material 

The 6 nm mesoporous material is expected to have large enough pores to adsorb 

aniline. The largest error obtained by standard deviation of the average retention time 

of aniline was 0.0141 minutes. (0.85 seconds) 
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Temperature 

(°C) 

Temperature 

(K) 
tr aniline 
(min) 

td hexane 
(min) 

to 

(min) 

In t® 1/RT K A. Nne 

340 613 3.08 0.50 5.31 0.196 1.669 5.16 
350 623 2.52 0.49 4.25 0.193 1.478 4.20 

360 633 2.15 0.47 3.57 0.190 1.271 3.57 
370 643 1.86 0.47 3.00 0.187 1.098 2.96 
380 653 1.60 0.46 2.51 0.184 0.920 2.52 

Table 4.88 - The corrected retention times, (tm) for aniline on a6 nm mesoporous material with a 

nitrogen carrier gas flow rate of 25 ml/min. 

4.10.1.3 The Heat of Adsorption of Aniline on a Silica Gel 40 

The silica gel 40 is expected to adsorb aniline on the external surfaces of the material. 
The largest error obtained by standard deviation of the average retention time of 

aniline was 0.0283 minutes. (1.70 seconds) 

Temperature 

(°C) 

Temperature 

(K) 

tr aniline 
(min) 

t° hexane 

(min) 
tm 
(min) 

In t. 1/RT K 

360 633 2.93 0.37 5.44 0.190 1.693 6.86 

370 643 2.59 0.37 4.79 0.187 1.566 6.10 

380 653 2.27 0.34 4.23 0.184 1.442 5.68 

390 663 1.98 0.28 3.78 0.181 1.330 6.11 

400 673 1.73 0.25 3.33 0.178 1.203 5.96 

Table 4.89 - The corrected retention times, (tm) for aniline on a Silica Gel 40 with a nitrogen carrier gas 
flow rate of 20 ml/min. 

4.10.1.4 The Heat of Adsorption of Aniline on a Silica Gel 60 

The silica gel 60 is expected to adsorb aniline on the external surfaces of the material. 
The largest error obtained by standard deviation of the average retention time of 

aniline was 0.0071 minutes. (0.43 seconds) 
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Temperature 

(°C) 

Temperature 

(K) 

tr aniline 

(min) 

t°hexane 

(min) 

tm 

(min) 

In tm 1/RT K n°i, i°e 

320 593 2.95 0.35 5.16 0.202 1.641 7.41 

330 603 2.53 0.33 4.45 0.199 1.493 6.67 

340 613 2.26 0.31 4.00 0.196 1.386 6.27 

350 623 1.92 0.29 3.41 0.193 1.225 5.62 

360 633 1.69 0.29 2.98 0.190 1.093 4.93 

Table 4.90 - The corrected retention times, (tm) for aniline on a Silica Gel 60 with a nitrogen carrier gas 

flow rate of 20 ml/min. 

4.10.1.5 The Overall Heats of Adsorption of Aniline on Various 

Mesoporous and Silica Gel Materials. 

The heat of adsorption of aniline on each mesoporous or silica gel material was 

calculated from the relevant gradient as shown in Figure 4.65; the heats of adsorption 

values are shown in Table 4.91. 
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Figure 4.65 - The heats of adsorption of aniline on (i) 2 nm mesoporous material ("), (ii) 6 nm 

mesoporous material (x), (iii) Silica Gel 40 (A), (iv) Silica Gel 60 (  ). 
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[Column Packing Surface Area (m /g) Heat of Adsorption (OH) 

(KJ/mol) 

Standard Deviation 

(KJ/mol) 

2 nm Mesoporous Material No Data 35.85 1.57 
6 nm Mesoporous Material 309 61.56 0.37 

ilica Gel 40 480 43.10 0.29 
ilica Gel 60 675 42.56 0.31 

Table 4.91 - The heats of adsorption of aniline on various silicate GC column packings which had a 

nitrogen carrier gas flow rate of 20 nil/min 

4.10.2 The Heats of Adsorption of Benzene 

The benzene eluted with the same retention time as hexane on all the column packing 

materials and indicates that there is no surface adsorption. 

4.10.3 The Heat of Adsorption of Dodecane 

Dodecane is expected to be small enough to be adsorbed within the pores of the 

mesoporous materials and on the external surfaces of the silica gel materials. 

4.10.3.1 The Heat of Adsorption of Dodecane on a2 nm Mesoporous 

Material 

The long aliphatic chain of dodecane is expected to adsorb within the pores of the 

2 nm mesoporous column packing material. The largest error obtained by standard 
deviation of the average retention time of dodecane was 0.0636 minutes. (3.82 

seconds) 
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Temperature 

(°C) 
Temperature 

(K) 
tr dodecane 

(min) 
4 hexane 

(min) 
tm 
(min) 

In tm 1/RT Kd. &,. 

360 633 6.32 0.39 12.58 0.190 2.532 15.19 

380 653 3.32 0.38 6.45 0.184 1.864 7.85 

400 673 1.94 0.40 3.49 0.178 1.249 3.91 

420 693 1.24 0.35 2.08 0.173 0.733 2.59 

440 713 0.99 0.35 1.52 0.168 0.418 1.81 

Table 4.92 - The corrected retention times, (tm) for dodecane on a2 nm mesoporous material with a 

nitrogen carrier gas flow rate of 20 ml/min. 

4.10.3.2 The Heat of Adsorption of Dodecane on a6 nm Mesoporous 

Material 

The dodecane is expected to be small enough to travel through the pores of the 

mesoporous material and be retained by the surface of the pore wall. The largest error 

obtained by standard deviation of the average retention time of dodecane was 0.0283 

minutes. (1.70 seconds). 

Temperature 

(°C) 

Temperature 

(K) 

tr dodecane 

(min) 

t 6exaae 

(min) 

tm 

(min) 

In tm 1/RT K 

380 653 4.41 0.45 8.68 0.184 2.161 8.80 

390 663 3.21 0.43 6.19 0.181 1.824 6.55 

400 673 2.47 0.43 4.61 0.178 1.527 4.74 

410 683 1.92 0.42 3.44 0.176 1.235 3.61 

420 693 1.57 0.42 2.66 0.173 0.979 2.73 

Table 4.93 - The corrected retention times, (tm) for dodecane on a6 nm mesoporous material with a 

nitrogen carrier gas flow rate of 20 ml/min. 

4.10.3.3 The Heat of Adsorption of Dodecane on a Silica Gel 40 

The dodecane is expected to be small enough to pass through the silica gel 40 size 

exclusion packing material and adsorb to the external surfaces of the material. The 

largest error obtained by standard deviation of the average retention time of dodecane 

was 0.0141 minutes. (0.85 seconds). 
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Temperature 

(°C) 

Temperature 

(K) 

t,. dodecane 

(min) 

to hexane 

(mn) 

tm 

(min) 

In tm 1/RT K 

360 633 1.77 0.46 2.78 0.190 1.023 2.85 
370 643 1.58 0.46 2.42 0.187 0.882 2.43 
380 653 1.41 0.45 2.10 0.184 0.743 2.13 
390 663 1.26 0.44 1.83 0.181 0.607 1.90 
400 673 1.14 0.41 1.64 0.178 0.493 1.77 

Table 4.94 - The corrected retention times, tm for dodecane on a Silica Gel 40 with a nitrogen carrier 

gas flow rate of 20 ml/min. 

4.10.3.4 The Heat of Adsorption of Dodecane on a Silica Gel 60 

The dodecane is expected to be small enough to pass through the silica gel 60 size 
exclusion packing material and adsorb to the external surfaces of the material. The 
largest error obtained by standard deviation of the average retention time of dodecane 

was 0.0071 minutes. (0.43 seconds). 

Temperature 

(°C) 
Temperature 

(K) 

tr dodecane 

(min) 

t° hexane 

(min) 

tm 

(min) 

In tm 1/RT K gyp.. 

320 593 1.67 0.46 2.42 0.202 0.883 2.67 

330 603 1.48 0.43 2.11 0.199 0.749 2.43 

340 613 1.30 0.41 1.83 0.196 0.605 2.17 

350 623 1.16 0.40 1.60 0.193 0.469 1.94 

360 633 1.03 0.38 1.38 0.190 0.322 1.71 

Table 4.95 - The corrected retention times, tm for dodecane on a Silica Gel 60 with a nitrogen carrier 

gas flow rate of 20 ml/min. 

4.10.3.5 The Overall Heats of Adsorption of Dodecane on Various 

Mesoporous and Silica Gel Materials. 

The heats of adsorption of dodecane on the 2 nm and 6 nm mesoporous and 40 and 60 

silica gel materials are shown in Figure 4.66 and Table 4.96. 
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Figure 4.66 - The heats of adsorption of Dodecane on (i) 2 nm mesoporous material (") (ii) 6 nm 

mesoporous material (x) (iii) Silica Gel 40 (A) (iv) Silica Gel 60 (  ) 

olumn Packing Surface Area (m /g) Heat of Adsorption 

(KJ/Mol) 

Standard Deviation 

(KJ/Mol) 

nm Mesoporous Material No Data 100.99 5.86 

nm Mesoporous Material 309 111.18 2.60 

silica Gel 40 480 47.35 1.43 

silica Gel 60 675 43.69 1.13 

i 

S 

- 

Table 4.96 - The heats of adsorption for dodecane on various silicate GC column packing materials 

With a nitrogen carrier gas flow rate of 20 ml/min. 

4.10.4 The Heat of Adsorption of Dodecyl Benzene 

Dodecyl benzene is expected to be small enough to be adsorbed within the pores of 
the mesoporous materials and on the external surfaces of the silica gel size exclusion 
materials. 
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4.10.4.1 The Heat of Adsorption of Dodecyl Benzene on a2 nm 
Mesoporous Material 

The dodecane is expected to be small enough to pass through the pores of the 2 nm 
mesoporous material and adsorb to the pore wall. The largest error obtained by 

standard deviation of the average retention time of dodecyl benzene was 
0.0354 minutes (2.12 seconds). 

Temperature 

(°C) 
Temperature 

(K) 

t, dodecyl benzene 

(min) 

t° hexane 

(min) 

tm 

(njin) 

In tm 1/RT Kd dmi 
bemuse 

390 663 4.85 0.37 9.95 0.181 2.298 12.09 
400 673 3.66 0.37 7.43 0.178 2.005 8.89 
410 683 2.86 0.36 5.72 0.176 1.743 6.93 
420 693 2.31 0.36 4.53 0.173 1.512 5.42 
430 703 1.92 0.36 3.67 0.171 1.299 4.32 

Table 4.97 - The corrected retention times, (t,. ) for dodecyl benzene on a2 nm mesoporous material 
with a nitrogen carrier gas flow rate of 20 ml/min. 

4.10.4.2 The Heat of Adsorption of Dodecyl Benzene on a6 nm 
Mesoporous Material 

The dodecyl benzene is expected to be small enough to pass through the pores of the 6 

nm mesoporous material and adsorb to the pore wall. The largest error obtained by 

standard deviation of the average retention time of dodecyl benzene was 0.0454 

minutes. (2.72 seconds). 

Temperature 

("C) 
Temperature 

(K) 

tr dodecyl benzene 

(min) 

to hexane 

(min) 

tm 

(min) 

In tm 1/RT K 
cyi 

bemxee 
lop 673 6.17 0.43 12.96 0.178 2.562 13.51 
110 683 4.50 0.42 9.35 0.176 2.235 9.71 
120 693 3.46 0.43 7.03 0.173 1.951 7.03 
130 703 2.67 0.42 5.32 0.171 1.671 5.43 
440 713 2.15 0.41 4.16 0.168 1.426 4.24 

ý 

Table 4.98 - The corrected retention times, (tm) for dodecyl benzene on a6 nm mesoporous material 
with a nitrogen carrier gas flow rate of 20 ml/min. 
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4.10.4.3 The Heat of Adsorption of Dodecyl Benzene on a Silica Gel 40 

The dodecyl benzene is expected to be small enough to pass through the silica gel 40 

size exclusion packing material and adsorb to the external surfaces of the material. 
The largest error obtained by standard deviation of the average retention time of 
dodecyl benzene was 0.0141 minutes. (0.85 seconds). 

Temperature 

(°C) 
Temperature 

(K) 

t, dodecyl benzene 

(min) 
t, hexane 

(min) 
tm 
(min) 

In tm 1/RT K, 

benzene 

390 663 6.02 0.35 12.61 0.181 2.534 16.31 
400 673 5.01 0.38 10.45 0.178 2.347 12.18 
410 683 4.21 0.36 8.83 0.176 2.179 10.86 
420 793 3.55 0.36 7.47 0.173 2.012 9.60 
430 703 3.05 0.33 6.41 0.171 1.859 8.37 

Table 4.99 - The corrected retention times, tm for dodecyl benzene on a silica gel 40 with a nitrogen 
carrier gas flow rate of 20 ml/min. 

4.10.4.4 The Heat of Adsorption of Dodecyl Benzene on a Silica Gel 60 

The dodecyl benzene is expected to be small enough to pass through the silica gel 40 

size exclusion packing material and adsorb to the external surfaces of the material. 
The largest error obtained by standard deviation of the average retention time of 
dodecyl benzene was 0.0212 minutes. (1.27 seconds). 

'emperature 

, C) 
Temperature 

(K) 

tr dodecyl benzene 

(min) 

to hexane 

(min) 

t. 

(min) 

In t. 1/RT K&d, yi 

ne. mw 
90 663 2.84 0.30 5.66 0.181 1.734 8.63 

DO 673 2.44 0.28 4.87 0.178 1.582 7.70 
i0 683 2.10 0.27 4.18 0.176 1.431 6.76 
t0 793 1.82 0.26 3.62 0.173 1.285 5.98 
30 703 1.59 0.25 3.14 0.171 1.147 5.34 

3 

4 

4 

4; 

4; 

Table 4.100 - The corrected retention times, tm for dodecyl benzene on a silica gel 60 with a nitrogen 
carrier gas flow rate of 20 ml/min. 
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4.10.4.5 The Overall Heats of Adsorption of Dodecyl Benzene on Various 

Mesoporous and Silica Gel Materials. 

The heats of adsorption of dodecyl benzene on the 2 nm and 6 nm mesoporous and 40 

and 60 silica gel materials are shown in Figure 4.67 and Table 4.101. 
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Figure 4.67 - The heats of adsorption of Dodecyl Benzene on (i) 2 nm mesoporous material (") (ii) 6 

nm mesoporous material (x) (AH=l 13.26) (iii) Silica Gel 40 (A) (iv) Silica Gel 60 (M) 

Column Packing Surface Area (m 2 /g) Heat of Adsorption 

(KJ/Mol) 

Standard Deviation 

2 nm Mesoporous Material No Data 96.65 2.03 

6 nm Mesoporous Material 309 113.26 1.99 

Silica Gel 40 480 65.41 0.69 

Silica Gel 60 675 57.01 0.89 

Table 4.101 - The heats of adsorption for dodecyl benzene on various silicate GC column packing 

materials with a nitrogen carrier gas flow rate of 20 mI/min 
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4.10.5 The Heat of Adsorption of Dodecyl Benzene Sulphonic Acid 

Dodecyl benzene sulphonic acid is expected to be small enough to be adsorbed within 
the pores of all the mesoporous material and not to be size excluded by the silica gel 

size exclusion materials where external adsorption to the material occurs. The sample 

of dodecyl benzene sulphonic acid was obtained by Fluka Chemicals and elution 
through the GC column showed the sample to be a mixture of dodecyl benzene 

sulphonic acid isomers, which was later confirmed by Fluka Chemicals. (230) 

The separation factor between the peaks was calculated for each of the experimental 
temperature conditions. 

4.10.5.1 The Heat of Adsorption of Dodecyl Benzene Sulphonic Acid on a 

2 nm Mesoporous Material 

The dodecyl benzene sulphonic acid is expected to be adsorbed within the pores of the 
2 nm mesoporous material and adsorb on the pore walls. The 2 Mn mesoporous 

material performed a separation of the isomers of dodecyl benzene sulphonic acid to 

reveal 4 peaks in the chromatogram of the sample. The largest error obtained of any 

of the four peaks from the standard deviation of the average retention time of the 

dodecyl benzene sulphonic acid sample was 0.0495 minutes. (2.97 seconds) 

4.10.5.1.1 The Heat of Adsorption of the First Peak out of the Four Peaks 

Obtained in the Chromatogram of Dodecyl Benzene Suiphonic 

Acid on a2 nm Mesoporous Material. 

The retention times of the fastest eluting peak in the chromatogram of dodecyl 

benzene sulphonic acid is shown in Table 4.102. 
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Temperature 

(°C) 
Temperature 

(K) 
t,. dodecyl benzene 

sulphonic acid 
(min) 

t, hexane 

(min) 

tm 

(tmin) 

In tm 1/RT 

300 573 5.96 0.49 10.52 2.352 0.210 
320 593 4.00 0.46 7.04 1.954 0.203 
340 613 2.89 0.48 4.96 1.613 0.196 
360 633 2.17 0.45 3.62 1.307 0.190 
3 653 1.70 0.42 2.79 1.007 0.184 

Table 4.102 - The corrected retention times, tm for the first of the four peaks in the gas chromatogram 

of dodecyl benzene sulphonic acid on a2 nm mesoporous material with a nitrogen carrier gas flow rate 

of 20 ml/min. 

4.10.5.1.2 The Heat of Adsorption of the Second Peak out of the Four Peaks 

Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 

Acid on a2 nm Mesoporous Material. 

The retention times of the second isomer peak in the chromatogram of dodecyl 
benzene sulphonic acid is shown in Table 4.103. 

emperature 
C) 

Temperature 

(K) 

tr dodecyl benzene 

sulpbonic acid 
(non) 

t, hexane 

(min) 

to 

(min) 

In tm 1/RT 

573 7.73 0.49 13.91 2.635 0.210 

A 593 5.04 0.46 9.11 2.211 0.203 

10 613 3.52 0.48 6.24 1.839 0.196 
i0 633 2.57 0.45 4.50 1.513 0.190 

10 653 1.93 0.42 3.30 1.196 0.184 

T 
(°i 

3 

3 

3 

3 

3 

Table 4.103 - The corrected retention times, tm for the second of the four peaks in the gas 

chromatogram of dodecyl benzene sulphonic acid on a2 nm mesoporous material with a nitrogen 

carrier gas flow rate of 20 ml/min. 
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4.10.5.1.3 The Heat of Adsorption of the Third Peak out of the Four Peaks 
Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 
Acid on a2 nm Mesoporous Material. 

The retention times of the third isomer peak in the chromatograph of dodecyl benzene 

sulphonic acid is shown in Table 4.104. 

Temperature 

(°C) 
Temperature 

(K) 
tr dodecyl benzene 

sulphonic acid 
(min) 

to hexane 

(min) 
tm 
(min) 

In tm 1/RT 

300 573 10.18 0.49 18.63 2.927 0.210 
320 593 6.45 0.46 11.91 2.477 0.203 
340 613 4.38 0.48 8.01 2.089 0.196 
360 633 3.11 0.45 5.64 1.738 0.190 
380 653 2.26 0.42 4.03 1.399 0.184 

Table 4.104 - The corrected retention times, tm for the third of the four peaks in the gas chromatogram 
of dodecyl benzene sulphonic acid on a2 nm mesoporous material with a nitrogen carrier gas flow rate 
of 20 ml/min. 

4.10.5.1.4 The Heat of Adsorption of the Fourth Peak out of the Four Peaks 

Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 

Acid on a2 nm Mesoporous Material 

The retention times of the slowest eluting peak in the chromatograph of dodecyl 
benzene sulphonic acid is shown in Table 4.105. 
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Temperature 

cc) 
Temperature 

(K) 

tr dodecyl benzene 

sulphonic acid 
(min) 

to hexane 

(min) 

tm 

(min) 

In tm 1/RT 

300 573 13.83 0.49 25.64 3.246 0.210 
320 593 8.30 0.46 15.60 2.748 0.203 

340 613 5.46 0.48 10.24 2.332 0.196 
360 633 3.79 0.45 7.09 1.965 0.190 

380 653 2.70 0.42 4.99 1.612 0.184 

Table 4.105 - The corrected retention times, tm for the fourth of the four peaks in the gas chromatogram 
of dodecyl benzene sulphonic acid on a2 nm mesoporous material with a nitrogen carrier gas flow rate 

of 20 ml/min. 

4.10.5.1.5 The Overall Heats of Adsorption of the Four Isomeric Peaks in 

the Chromatogram of Dodecyl Benzene Sulphonic Acid on a2 nm 

Mesoporous Material. 

The heats of adsorption of the four isomeric peaks of dodecyl benzene sulphonic acid 

are shown in Figure 4.68 and Table 4.106. 
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Figure 4.68 - The heats of adsorption of the four peaks associated with Dodecyl Benzene Sulphonic 
Acid on a2 nm mesoporous material showing (i) Peak One (") (ii) Peak Two (") (iii) Peak Three (A) 
(iv) Peak Four ( ) 
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Column Packing Heat of Adsorption 

(KJ/mol) 

Standard Deviation 

Peak One 51.59 1.14 

Peak Two 55.87 0.23 
Peak Three 59.36 0.42 

Peak Four 63.30 0.28 

Results 

Table 4.106 - The heats of adsorption (KJ/mol) for the peaks present in a gas chromatogram of dodecyl 

benzene sulphonic acid on a2 nm mesoporous material GC column packings which had a nitrogen 
carrier gas flow rate of 20 ml/min 

Temperature (K) a 1.2 a2,3 a3,4 

573 1.32 1.34 1.38 
593 1.29 1.31 1.31 

613 1.25 1.28 1.27 

633 1.23 1.25 1.25 

653 1.21 1.23 1.24 

Table 1.107 - The separation factor of the isomeric peaks of dodecyl benzene sulphonic acid on a2 nm 
mesoporous material at various temperatures. 

4.10.5.2 The Heat of Adsorption of Dodecyl Benzene Sulphonic Acid on a 
6 nm Mesoporous Material 

The dodecyl benzene sulphonic acid is expected to be adsorbed within the pores of the 
6 nm mesoporous material and adsorb on the pore walls. The 6 run mesoporous 
material performed a separation of the isomers of dodecyl benzene sulphonic acid to 

reveal four peaks in the chromatogram of the sample. The largest error obtained of 

any of the four peaks from the standard deviation of the average retention time of the 
dodecyl benzene sulphonic acid sample was 0.0354 minutes. (2.12 seconds) 
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4.10.5.2.1 The Heat of Adsorption of the First Peak out of the Four Peaks 
Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 
Acid on a6 nm Mesoporous Material 

The retention times of the fastest eluting peak in the chromatogram of dodecyl 
benzene sulphonic acid is shown in Table 4.108. 

Temperature 

(°C) 
Temperature 

(K) 

tr dodecyl benzene 

sulphonic acid 

(min) 

to hexane 

(min) 

(tr-to)xTdTf In twcorr) 1/RT 

340 613 3.16 0.51 5.46 1.697 0.196 
350 623 2.68 0.50 4.56 1.516 0.193 
360 633 2.36 0.48 3.99 1.384 0.190 
370 643 1.97 0.45 3.28 1.187 0.187 
380 653 1.83 0.46 3.00 1.099 0.184 

Table 4.108 - The corrected retention times, (tm) for the first of the four peaks in the gas chromatogram 

of dodecyl benzene sulphonic acid on a6 nm mesoporous material with a nitrogen carrier gas flow rate 

of 20 ml/min. 

4.10.5.2.2 The Heat of Adsorption of the Second Peak out of the Four Peaks 

Obtained in the Chromatogram of Dodecyl Benzene Suiphonic 

Acid on a6 nm Mesoporous Material 

The retention times of the second isomeric peak in the chromatogram of dodecyl 
benzene sulphonic acid is shown in Table 4.109. 
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Temperature 

(°C) 

Temperature 

(K) 

tr dodecyl benzene 

sulphonic acid 
(min) 

to hexane 

(min) 

(tr. to)xTo/Tt In t(ca., ) 1/RT 

340 613 3.89 0.51 6.96 1.940 0.196 
350 623 3.25 0.50 5.75 1.750 0.193 
360 633 2.81 0.48 4.95 1.601 0.190 
370 643 2.31 0.45 4.00 1.386 0.187 
380 653 2.13 0.46 3.64 1.294 0.184 

Table 4.109 - The corrected retention times, (tm) for the second of the four peaks in the gas 
chromatogram of dodecyl benzene sulphonic acid on a6 nm mesoporous material with a nitrogen 
carrier gas flow rate of 20 ml/min. 

4.10.5.2.3 The Heat of Adsorption of the Third Peak out of the Four Peaks 
Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 
Acid on a6 nm Mesoporous Material 

The retention times of the third isomeric peak in the chromatogram of dodecyl 

benzene sulphonic acid is shown in Table 4.110. 

Temperature 

(°C) 
Temperature 

(K) 

tr dodecyl benzene 

sulphonic acid 

(min) 

thexane 
(min) 

(t,. -tJxTdTf In t, (coR) 1/RT 

340 613 4.84 0.51 8.90 2.186 0.196 
350 623 3.99 0.50 7.30 1.988 0.193 

360 633 3.40 0.48 6.21 1.826 0.190 

370 643 2.76 0.45 4.97 1.603 0.187 

380 653 2.50 0.46 4.46 1.497 0.184 

Table 4.110 - The corrected retention times, (t. ) for the third of the four peaks in the gas chromatogram 

of dodecyl benzene sulphonic acid on a6 nm mesoporous material with a nitrogen carrier gas now rate 

of 20 ml/min. 
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4.10.5.2.4 The Heat of Adsorption of the Fourth Peak out of the Four Peaks 
Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 

Acid on a6 nm Mesoporous Material 

The retention times of the fourth isomeric peak in the chromatogram of dodecyl 
benzene sulphonic acid is shown in Table 4.111. 

Temperature 

(°C) 
Temperature 

(K) 

tr dodecyl benzene 

sulphonic acid 

(min) 

t° hexane 

(min) 

(tr-t°)xT/T, In t.. (c°,,. ) 1/RT 

340 613 6.12 0.51 11.54 2.445 0.1% 
350 623 4.94 0.50 9.29 2.229 0.193 
360 633 4.14 0.48 7.77 2.050 0.190 
370 643 3.32 0.45 6.19 1.823 0.187 
380 653 2.95 0.46 5.45 1.696 0.184 

Table 4.111 - The corrected retention times, (tm) for the fourth of the four peaks in the gas 

chromatogram of dodecyl benzene sulphonic acid on a6 nm mesoporous material with a nitrogen 

carrier gas flow rate of 20 ml/min. 

4.10.5.2.5 The Overall Heats of Adsorption of the Four Isomeric Peaks in 

the Chromatogram of Dodecyl Benzene Sulphonic Acid on a6 nm 
Mesoporous Material. 

The heats of adsorption of the four isomeric peaks of dodecyl benzene sulphonic acid 

are shown in Figure 4.69 and Table 4.112. 
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Figure 4.69 - The heats of adsorption of the four peaks associated with Dodecyl Benzene Sulphonic 

Acid on a6 nm mesoporous material showing (i) Peak One (") (ii) Peak Two (") (iii) Peak Three (A) 

(iv) Peak Four (m) 

Peak Heat of Adsorption Standard Deviation 

Peak One 50.86 1.17 

Peak Two 55.21 0.23 

Peak Three 58.77 0.42 

Peak Four 63.45 0.28 

Table 4.1 12 - The heats of adsorption (KJ/mol) for the peaks present in a gas chromatogram of dodecyl 

benzene sulphonic acid on a6 nm mesoporous material GC column packings which had a nitrogen 

carrier gas flow rate of 20 ml/min 

Temperature (K) a1 
.2 

a2.3 a3,4 

613 1.27 1.28 1.29 

623 1.31 1.27 1.27 

633 1.24 1.25 1.25 

643 1.23 1.23 1.27 

653 1.21 1.22 1.23 

Table 1.1 13 - The separation factor of the isomeric peaks of dodecyl benzene sulphonic acid on a6 nm 

mesoporous material at various temperatures. 
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4.10.5.3 The Heat of Adsorption of the Four Isomeric Peaks Obtained in 

the Chromatogram of Dodecyl Benzene Sulphonic Acid on a Silica 
Gel 40 Size Exclusion Material. 

The dodecyl benzene sulphonic acid is not expected to be large enough to be excluded 
by the silica gel 40 size exclusion material. The silica gel 40 performed a separation 

of the isomers of dodecyl benzene sulphonic acid to reveal 4 peaks in the 

chromatogram of the sample; however the peaks are not as defined as for those 

obtained with the mesoporous materials. The largest error obtained of any of the four 

peaks from the standard deviation of the average retention time of the dodecyl 
benzene sulphonic acid sample was 0.0354 minutes. (2.12 seconds) 

4.10.5.3.1 The Heat of Adsorption of the First Peak out of the Four Peaks 

Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 

Acid on a Silica Gel 40 Size Exclusion Material. 

The retention times of the first isomeric peak in the chromatogram of dodecyl benzene 

sulphonic acid is shown in Table 4.114. The first peak is not resolvable from the 

other isomeric peaks at higher temperatures. 

Temperature 
(°C) 

Temperature 

(K) 

tr dodecyl benzene 

suiphonic acid 
(min) 

to hexane 

(min) 

(t,. -taxTJTt 
in tm(Cort) 1/RT 

360 633 5.56 0.38 11.00 2.397 0.190 

370 643 4.69 0.38 9.31 2.230 0.187 

380 653 3.99 0.38 7.92 2.069 0.184 
390 663 

400 673 - - - - - 

Table 4.114 - The corrected retention times, (tm) for the first of the four peaks in the gas chromatogram 

of dodecyl benzene sulphonic acid on a 40 silica gel size exclusion material with a nitrogen carrier gas 
flow rate of 20 ml/min. 
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4.10.5.3.2 The Heat of Adsorption of the Second Peak out of the Four Peaks 

Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 

Acid on a Silica Gel 40 Size Exclusion Material. 

The retention times of the second isomeric peak in the chromatogram of dodecyl 
benzene sulphonic acid is shown in Table 4.115 

Temperature 

(°C) 
Temperature 

(K) 
tr dodecyl benzene 

suiphonic add 
(min) 

t° hexane 

(min) 
(tr-t, JxTC/Tf In tm(c°n) 1/RT 

360 633 6.91 0.38 13.87 2.629 0.190 
370 643 5.75 0.38 11.58 2.449 0.187 
380 653 4.77 0.38 9.63 2.264 0.184 
390 663 4.06 038 8.20 2.103 0.181 
400 673 3.49 038 7.03 1.950 0.179 

Table 4.115 - The corrected retention times, (t, �) 
for the second the four peaks in the gas chromatogram 

of dodecyl benzene sulphonic acid on a 40 silica gel size exclusion material with a nitrogen carrier gas 
flow rate of 20 ml/min. 

4.10.5.3.3 The Heat of Adsorption of the Third Peak out of the Four Peaks 

Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 

Acid on a Silica Gel 40 Size Exclusion Material. 

The retention times of the second isomeric peak in the chromatogram of dodecyl 

benzene sulphonic acid is shown in Table 4.116 

260 



Heats of Adsorption Results 

Temperature 

(°C) 
Temperature 

(K) 
tr dodecyl benzene 

sulphonic acid 
(min) 

t, hexane 

(min) 

(tr-to)klVTr In tacorr) 1/RT 

360 633 8.64 0.38 17.55 2.865 0.190 

370 643 7.04 0.38 14.38 2.665 0.187 

380 653 5.80 0.38 11.88 2.475 0.184 

390 663 4.85 0.38 9.94 2.296 0.181 

400 673 4.11 0.38 8.42 2.130 0.179 

Table 4.116 - The corrected retention times, (tm) for the third of the four peaks in the gas 

chromatogram of dodecyl benzene sulphonic acid on a 40 silica gel size exclusion material with a 

nitrogen carrier gas flow rate of 20 ml/min. 

4.10.5.3.4 The Heat of Adsorption of the Fourth Peak out of the Four Peaks 

Obtained in the Chromatogram of Dodecyl Benzene Sulphonic 

Acid on a Silica Gel 40 Size Exclusion Material. 

The retention times of the fourth isomeric peak in the chromatogram of dodecyl 

benzene sulphonic acid is shown in Table 4.117. 

Temperature 

(°C) 

Temperature 

(K) 

tr dodecyl benzene 

sulphonic acid 
(min) 

to hexane 

(min) 

(tr-to)xTdTf In t�( C rr) 1/RT 

360 633 11.56 0.38 23.75 3.167 0.190 

370 643 8.73 0.38 18.02 2.891 0.187 

380 653 7.19 0.38 14.92 2.702 0.184 

390 663 5.85 0.38 12.17 2.498 0.181 

400 673 4.86 0.38 10.13 2.315 0.179 

Table 4.117 - The corrected retention times, tm for the fourth of the four peaks in the gas chromatogram 

of dodecyl benzene sulphonic acid on a 40 silica gel size exclusion material with a nitrogen carrier gas 

flow rate of 20 ml/min. 
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4.10.5.3.5 The Overall Heats of Adsorption of the Four Isomeric Peaks in 

the Chromatogram of Dodecyl Benzene Sulphonic Acid on a 40 

Silica Gel Size Exclusion Material. 

The heats of adsorption of the four isomeric peaks of dodecyl benzene sulphonic acid 

are shown in Figure 4.70 and Table 4.118. 
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Figure 4.70 - The heats of adsorption of the four peaks associated with Dodecyl Benzene Sulphonic 

Acid on a 40 Silica Gel material showing (i) Peak One (") (ii) Peak Two (") (iii) Peak Three (A) (iv) 

Peak Four (  ) 

Peak Heat of Adsorption Standard Deviation 

Peak One 56.49 1.16 

Peak Two 60.40 0.23 

Peak Three 65.15 0.01 

Peak Four 74.43 0.36 

Table 4.118 - The heats of adsorption (KJ/mol) for the peaks present in a gas chromatogram of dodecyl 

benzene sulphonic acid on a silica gel 40 material GC column packings which had a nitrogen carrier 

gas flow rate of 20 ml/min 
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Temperature (K) Q 14 2 Q23 «3,4 

633 1.26 1.27 1.35 

643 1.25 1.24 1.25 

653 1.21 1.00 1.28 
663 1.21 1.22 

673 1.19 1.20 

Table 4.119 - The separation factor, a between successive isomeric peaks of dodecyl benzene 

sulphonic acid on a Silica Gel 40 material at various temperatures. 

4.10.5.4 The Heat of Adsorption of the Dodecyl Benzene Sulphonic 

Acid on a Silica Gel 60 Size Exclusion Material. 

There was no separation of the sulphonic acid isomers by this material and the 

chromatogram showed a single broad peak representing all of the isomers in the 

sample. 
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4.11 Summary of the Heats of Adsorption of Various Compounds on 

the Mesoporous and Silica Gel Size Exclusion Materials. 

4.11.1 Summary of the Heats of Adsorption of Aniline, Dodecane and 

Dodecyl Benzene on the Mesoporous and Silica Gel Size Exclusion 

Materials. 

Figure 4.71 shows the heats of adsorption values for aniline, dodecane and dodecyl 

benzene on a2 nm and 6 nm mesoporous and 40 and 60 silica gel materials. The 

highest heats of adsorption values were obtained for dodecane and dodecyl benzene 

on the 2 nm and 6 nm mesoporous materials however the dodecane and dodecyl 

benzene heats of sorption values on the silica gel materials were almost half that 

obtained on the mesoporous material. Aniline had similar heats of adsorption values 

regardless of the column packing material used, however, the 6 nm mesoporous 

material produced a heat of adsorption value nearly twice that of the 2 nm 

mesoporous material whilst the silica gel materials had a slightly higher heat of 

adsorption value than the 2 nm hydrothermal material. 
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Figure 4.71 - The heats of adsorption of Aniline, (. ) Dodecane, (. ) and Dodecyl Benzene () on the 

various mesoporous and silica gel materials. 
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4.11.2 Summary of the Heats of Adsorption of the Isomeric Peaks of Dodecyl 

Benzene Sulphonic Acid on the Mesoporous and Silica Gel Size Exclusion 

Materials. 

The heat of adsorption of dodecyl benzene sulphonic acid are shown in Figure 4.72 to 

be slightly higher on a 40 silica gel size exclusion material, however, the peaks were 

closer together and less well resolved than the corresponding peaks for the 

mesoporous materials. The silica gel 60 size exclusion gel failed to separate the peaks 

at all and the chromatogram of the dodecyl benzene sulphonic acid eluted a single 
broad peak. The 2 nm and 6 nm mesoporous materials separated the four isomers 

better that the silica gel materials for the sample of dodecyl benzene sulphonic acid 

and the heat of adsorption of the isomers were equivalent in value on both the 2nm 

and 6 nm mesoporous material. 
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Figure 4.72 - The heats of adsorption of the isomers of dodecyl benzene sulphonic acid showing the 

fastest eluting peak termed Peak 1, (. ) then Peak 2, (. ) Peak 3() and the slowest eluting Peak 4 ( ) 

on the various mesoporous and silica gel materials. 
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4.11.3 Summary of the Behaviour of Other Compounds on the 
Mesoporous and Silica Gel Size Exclusion Materials 

Table 4.120 outlines the problems encountered in determining the heats of adsorption 
of other organic compounds eluted on the mesoporous and silica gel materials. 

Compound Behaviour on Column 

Dodecyl Phenol Failed to elute after 60 Minutes 

Phenol Failed to elute after 60 Minutes 

Toluene Retention time equal to hexane 

Benzene Retention time equal to hexane 

Table 4.120 - The problems encountered in determining the heats of adsorption on various mesoporous 

and silica gel materials. 
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4.12 Discussion on the Sorption Studies 

This section examines the sorption of the neutral and overbased sulphonate and 
phenate detergents when exposed to various mesoporous materials, silica gels and 
zeolites. The detergents were exposed to the silicate materials which were prepared 

as either batch slurries or as packed columns. 

4.12.1 The Sorption of Neutral Sulphonate and Phenate Detergents 

Using Various Mesoporous Materials, Silica Gels and 
Zeolite Sodium Y 

The detergent molecule sorption experiments rely on the surface diffusion of the 
detergent along the pores of the mesoporous materials gradually covering the external 

surfaces and the pore walls. The surface diffusion process involves the detergent or 
hexane solvent interacting with the pore walls and with other molecules of detergent 

or hexane which produces a potential energy field setup by the electrostatic and 

molecular interaction between the adsorbate and adsorbent lattice atoms. (234) A 

dynamic equilibrium is defined as; a body is in state of uniform motion and the 

resultant of all forces acting upon it is zero. (231) 

The dynamic equilibrium assumed in the sorption uptake experiments derives from 

the equilibrium between the detergent molecules in solution interacting with the pore 

walls. Once the detergent has adsorbed onto the surface of the pore wall the detergent 

is assumed to be in a static equilibrium which is defined; if the combined effect of all 

the forces acting on a body is zero and the body is in the state of rest then its 

equilibrium is termed as static. (231) The sorption uptake experiments of Section 4.1 

involved exposing a detergent solution to a silicate material over a period of 24 hours 

whilst the samples were constantly agitated by a rotating shaker which allowed 

perturbation and intimate mixing of both the detergent molecules and the silicate 

material particulates. Figure 4.73a, b and c show increasing magnification SEM 

images of spherical silica gel particles. The silica gel materials are commercially 

available as spherical particles which have a defined diameter, but are expensive to 
buy. The pore size of the silica gel materials are defined by the pores present on each 

particulate as shown by Figure 4.73c which is the highest magnification of the SEM 

images. The sorption uptake experiment used mesoporous materials that consisted of 
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particulates that were irregularly shaped as are the silica gel particles represented by 
Figure 4.72d. 

a b C d 

Figure 4.73 - The SEM images of a silica gel size exclusion material showing (a) The spherical nature 

of the particles, (h) A single sphere with what appears to he a cratered surface (c) A close up of the 

sphere showing the porosity of the material and (d) irregular shaped particles. 

When the detergent and silicate material were combined in solution and agitated the 

silicate particles form a suspension in the solvent exposing all of the external surfaces 

of the silicate particles to the detergent molecules and adsorption occurs. The 

agitation process was used so that the detergents are exposed to the surface area of the 

packing material in a shorter time than if the system was static and relied solely on 

diffusion between particles as well as diffusion through the pores. The sorption 

uptake experiments of Section 4.1 demonstrate that 0.21 g of neutral sulphonate is 

adsorbed per gram of 4 nm hydrothermally synthesised mesoporous material whereas 

0.17 g of neutral phenate adsorbs per gram of 4 nm hydrothermally synthesised 

mesoporous material as shown in Table 4.7. The sorption uptake values suggests that 

if a detergent solution containing neutral sulphonate, (21 mg) was eluted through a 

column containing 4 nm hydrothermally synthesised mesoporous material, (100 mg) 

then all of the neutral sulphonate is expected to adsorb on the surfaces (interior and 

exterior) of the material. However, the column saturation studies of Section 4.4 show 

that this is not the case and that it would take 500 mg of column packing to adsorb 

21 mg of neutral sulphonate. This may be explained by the exposure time of the 

detergent to the mesoporous material which in the column saturation studies is about 

15 to 30 minutes for complete elution, whereas the sorption uptake experiment was 

allowed to equilibrate over a 24 hour period. This suggests that longer exposure times 

are required for a neutral detergent sample to diffuse into the pore of the mesoporous 

material. This is also true for the neutral phenate with the exception that the neutral 
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phenate breaks down on the column packing in the presence of methanol and elutes as 
alkyl phenol which is discussed in Section 2.19. The results suggest that neutral 
sulphonate has a greater affinity to the pore walls of the mesoporous material than the 
neutral phenate. It has already been discussed in Section 1.9 that the neutral 
sulphonate exists as a bidentate ligand consisting of two alkyl aryl chains each with a 
sulphonate head group surrounding a single calcium ion (Figure 1.18) where the 
neutral surfactant chain has free rotation around the calcium ion and can therefore 

arrange to lie flat on the surface of a mesopore. The phenate however, is a similar 
bidentate structure consisting a calcium ion surrounded by two alkyl aryl chain each 
with a hydroxyl (phenol) head group but the aromatic rings are connected by a 
sulphur bridge which sterically hinders the molecules rotation around the calcium 
(Figure 1.19). The phenate is therefore more spherical in structure resulting in less 
interaction with the surfaces of a pore wall which may explain the slight decrease in 

sorption uptake which was 3-5 % per gram of mesoporous material lower than the 

neutral sulphonate. The column retention studies of Section 4.6 show that the 

percentage recovery of neutral sulphonate was higher than the neutral phenate when 

exposed to the same column packing. This suggests that the neutral phenate either, 

adsorbs more strongly on the silicate surface and is less likely to desorb in the 

presence of methanol or the neutral phenate is less soluble in the methanol and 

precipitates on the external surfaces of the material. The heat of adsorption 

experiment of Section 4.9 was used to determine what part of the detergent molecule 

was more strongly adsorbed by the surface of the mesoporous material and indicates 

that the phenate is more strongly adsorbed to the silicate surface. The elution of small 

non polar molecules such as hexane and benzene were not retained by the mesoporous 

materials, however, increasing the alkyl chain length resulted in a higher heat of 

adsorption such as dodecane, which gave a heat of adsorption value of 101 KJ/mol on 
the 2 nm material and 111 KJ/mol on the 6 nm material. The effect of an aromatic 

ring does not seem to affect the adsorption significantly as dodecyl benzene had a heat 

of adsorption of 97 KJ/mol on the 2 nm material and 113 KJ/mol on the 6nm material. 
Previous work has shown that heats of adsorption increase with alkyl chain length 

when exposed to various zeolites such as Sodium Y and Sodium X and the results are 
(237) in Table 4.121. 
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Sorbate Na X 

(KJ/mol) 

Na Y 

(KJ/mol) 

(Na, Ca)A 

(KJ/mol) 
CH4 18 18.1 
C2H6 30.5 25.8 25 
C3H8 34.0 35 
C4H, o 55.6 - 44 

Table 4.121 - The heat of adsorption of increasing hydrocarbon chain length on Zeolite Y, X and A. 

The difference between the heats of sorption values for each zeolite as the 
hydrocarbon chain is increased is a constant value for each material and extrapolation 

of the values up to a hydrocarbon chain length of C= 12, (dodecane) give heats of 

adsorption values between 100 and 150 KJ/mol, depending on the material examined. 
This value was comparable to the values obtained for dodecane when exposed to the 

mesoporous materials and the heat of adsorption for each material is shown in the 

above text. The detergent molecules also possess a polar head group and as the 

surface of the mesoporous material is hydrophilic the polar head group of dodecyl 

benzene sulphonic acid and the phenol analogies are expected to strongly adsorb. 

This effect was observed for the phenolic compounds as both phenol and dodecyl 

phenol failed to elute after 60 minutes from injection of the sample on any of the 

mesoporous materials. This could possibly be due to either; 1) strong adsorption of 

the phenolic group to the silica surface or 2) the phenolic compounds diffused 

through the column and eluted out of the column over a long time period resulting in a 

very broad, undetectable peak. The sample of dodecyl benzene sulphonic acid was 

not adsorbed to the mesoporous material as strongly as the phenol molecules or the 

dodecane or dodecyl benzene molecules and the chromatogram showed four isomeric 

peaks, with the fastest eluting isomeric peak having a heat of adsorption value of 

51 KJ/mol on both the 2 nm and 6 nm mesoporous materials. This was unexpected as 

the sulphonic acid contains the O-H moiety as do the phenolic groups. This may arise 
from the shape of the dodecyl benzene sulphonic acid. The dodecane, dodecyl 

benzene, phenol and alkyl phenol are all molecules which can lie flat on the silicate 

surface; however the dodecyl benzene sulphonic acid has a sulphonic head group 

which has a tetrahedral arrangement with bond angles of 109° representing the angle 
between the sulphur and oxygen atoms (236) which prevent the molecule fully aligning 

along the silicate surface. There is the possibility that the electronegative oxygen 
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atoms may also be repelled from the surface of the material as its framework is also 
made up of electronegative oxygen atoms. 

0 

OH 

Figure 4.74 - The structure of dodecyl benzene sulphonic acid. 

Figure 4.75 - The structure of dodecyl phenol 

The mesoporous material which adsorbs the most neutral sulphonate and neutral 
phenate was the 4 nm Mobil mesoporous material and the framework of this material 
differs from the other mesoporous materials by the incorporation of aluminium in the 
framework at a ratio of silicon to aluminium of 40: 1. The incorporation of aluminium 
in a framework has been previously shown in Section 4.2.5 to increase the adsorption 

properties of the mesoporous materials especially for hydrocarbon solvents such as 
toluene. (226) The siliceous MCM-41 materials possesses an electrically neutral 
framework while isomorphous substitution of aluminium into the siliceous framework 

offers a mechanism for generating acidic sites, particularly Brönsted acid sites which 
arise from the electrical neutrality of the framework achieved by the presence of a 

counterbalancing proton. Previous work has shown that calcined aluminium 
incorporated MCM-41 has similar acid properties to that of amorphous silica (232) due 

to the Brönsted sites which offer active areas for adsorption of neutral sulphonate and 

phenate detergents resulting in greater amounts of detergent adsorbing within the 

mesopores. Brönsted sites are demonstrated by Figure 4.76 
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Figure 4.76 -A Brönsted acid site in the aluminium incorporated framework of a zeolite. 

r. i 
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This increased adsorption of molecules by an aluminium incorporated material has 
been previously cited by Shvets A. V et al who reported an increase in adsorption of 
hexane and methanol by 5 to 10 % per gram of zeolite when aluminium was 
incorporated into the framework of zeolite VPI-8 which has a uniform pore diameter 

of 0.59 nm. (228) The column elution of neutral detergents through a column 
containing Zeolite Y, with aluminium in the framework and additional cations of 

sodium in the pores adsorbed more detergent on the external surfaces than the silica 

gel materials due to the very polar nature of the surface of the zeolite. It is also 
possible that the polar surface stripped the overbased core with "pot planting" of the 

neutral component inside the mouth of the pore. For the sorption uptake of the 

siliceous materials, the 6 nm siliceous mesoporous material adsorbed more of both 

neutral sulphonate and phenate detergent components than the hydrothermally 

synthesised 4 nm siliceous material. The nitrogen BET studies shown in Table 3.25 

suggest that the 4 nm material has a surface area of 700 m2/g whereas the 6 nm 
material only has a surface area of 432 m2/g and therefore surface area alone cannot 

account for the additional uptake capacity which must be a result of the increased pore 

volume due to the increased diameter of the 6 nm mesoporous material which can 

withhold more detergent. 

The column elution studies involved eluting a detergent solution through a column in 

a mobile phase of hexane (10 ml). The mobile phase was then changed to the 

methanol solution (10 ml) and detergent molecules adsorbed to the pore walls were 

eluted. A final elution with hexane (10 ml) ensured that any detergent not previously 

solvated was eluted. Neutral detergent solutions eluted through columns containing a 

mesoporous material were expected to be adsorbed by the mesoporous materials as 
demonstrated by the sorption uptake experiment of Section 4.1. The detergent was 

then desorbed by the methanol solution and the collected fractions showed that the 

detergent rapidly elutes in the methanol in the first few fractions, thereafter, small 

amounts of detergent and other constituents of the detergent additive that were not 

removed by Soxhlet extraction eluted. This suggests that the detergent samples either 
have a wide range of surfactant chain lengths which elute at different retention times 

to give a broad peak distribution or that diffusion through the irregular shaped 

particles is retaining some molecules for a longer period than others. The detergents 

are expected to consist of several lengths of surfactant chain due to the method of 

synthesis of the detergents and this may account for the observed column elution, 
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however, due to the irregular shaped particles of the column packing the peak may 

elute over a short period of time, resulting in broadening of the peak. This also occurs 
in gas chromatography and is called zone broadening and it arises because the 
irregular shaped particles of Figure 4.73d do not pack together as effectively as 

spherical particles, producing irregular sized voids between particles, known as the 

void volume requiring higher pressures to be applied to the column for elution giving 
less symmetric peaks. (273) The packing of spherical and irregular particles are 

represented by Figure 4.77. 

QQ 
a bc 

Figure 4.77 - The packing of silica gel particles showing (a) cubic formation (b) hexagonal formation 

and (c) of irregular shaped packings. 

The distance a detergent molecule travels in a column consisting of irregular shaped 

particles may not be constant for equivalent molecules due to the packing of the 

column and occurs due to a process known as Eddy Diffusion. 

Direction 
of Flow 

Route 1 

Route 2 

Irregular shaped 
column packing 

Figure 4.78 - The Eddy diffusion of a detergent sample eluting through a column packing. 

Figure 4.78 shows detergent eluting though a column containing a column packing 

consisting of irregular shaped particulates. The detergent is shown to travel further 

when more interaction with the column packing particles occurs. The result is a 

chromatogram where there is slight broadening of the sample peak as the sample 
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leaves the column over different time periods and it is this process that is known as 
zone broadening. (234) Gas chromatography of dodecyl benzene sulphonic acid 
showed that it contained isomeric peaks confirming that manufacture of the dodecyl 
benzene chain produced branched isomers or variation in the carbon chain length. 
The mesoporous and silica gel materials separated four isomeric peaks but the 

mesoporous materials tended to show clearer separated peaks than the silica gel 

materials as shown in Figure 4.79 and Figure 4.80 respectively. 

ýý ý, 

ý 

I igurc 4.79 -The Gas Chromatogram of dodecyl benzene sulphonic acid eluted on a6 nm mesoporous 

material 

_s" 
Figure 4.80 -The Gas Chromatogram of dodecyl benzene sulphonic acid eluted on a Silica Gcl 40 

Material 

i'hc ability of a column to distinguish between more than two peaks that are close 

together is called resolution and is defined by Equations 4.3a and b. 

Rcsolution = 
Otr eV, 

Wtlr 
KCSI)lulllln = --- 

w 

Equation 4.3a Equation 4.3h 

Whcrc At, is the separation between the peaks by the retention time or AV� the 

retention volume and w, �, is the average width of the two peaks measured at the base 

line, which is not defined in this work. 
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Figure 4.81- The effect of resolution of two peaks in a chromatogram showing a) resolution - 0.5, b) 

resolution = 1.25 and c) resolution = 2.50. (210) 

The resolution is important in quantitative peak analysis as resolved peaks give the 
best indication of the peak area of the eluting component. By visual inspection of 
Figure 4.79 and 4.80 the resolution of the peaks using the 6 nm mesoporous material 

would suggest that R ml. 25 whereas that using the silica gel material would appear to 
be closer to 0.5. 

The 4 nm room temperature synthesised mesoporous material was shown by the 

column saturation studies of Section 4.3 to adsorb neutral sulphonate and phenate on 
the pore surfaces when eluted by hexane, which was then desorbed by the methanol 

solution. The amount of neutral detergent adsorbed by the room temperature 

synthesised material was higher than the amount sorbed by the hydrothermal 

synthesised mesoporous materials. For example 40 mg of neutral suiphonate or 
neutral phenate were adsorbed by a column of room temperature synthesised 4 nm 
mesoporous material containing 400 mg and 500 mg respectively as shown by Figure 
4.25 and 4.27. In contrast the hydrothermal materials required in excess of 800 mg of 
column packing to adsorb an equivalent mass of detergent. The 4 nm room 
temperature synthesised material was shown to have a pore size of 3.3 nm and a 
surface area of 917m2/g as illustrated by Table 3.25. This increase in surface area 
suggests that there are more micropores present in this material than the 
hYdrothermally synthesised materials. It is expected that there is a greater amount of 
silanol groups present on the room temperature material than the hydrothermal 
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material. The synthesis of the hydrothermal material involves heating at 100 °C over 
a period of 2 weeks induces condensation reactions of the silanol groups in the 
framework as shown by Equation 4.4. 

2SiOH -+ Si-O-Si + H2O 
Equation 4.4 

The room temperature synthesis method does not involve the heating process to 
induce such condensation reactions and therefore the silanol groups remain in the 
framework. The interaction of a neutral detergent with the silanol groups in the 
framework explains why the room temperature material adsorbs more detergent per 
gram of material than the hydrothermal materials. 
The size exclusion gels, Silica gel 40 and 60 were primarily used as a means of 
verifying that the size exclusion process of a mixture of overbased detergent and 
neutral detergent was separated as a result of the neutral detergent adsorbing within 
the pores of the mesoporous materials and not simply excluded by size exclusion. 
The neutral sulphonate and phenate were expected to travel over the pores of the silica 

gel materials as the size of the detergent molecules were small enough to travel over 
the surface of the size exclusion gels. The sorption uptake experiment of Section 4.1 

demonstrates that the size exclusion gels do not adsorb the neutral detergent 

components other than surface adsorption. Figure 4.5 shows the uptake of neutral 

sulphonate to be 4 -5 % per gram of silica gel and Figure 4.9 which shows the uptake 

of neutral phenate as 3-4% per gram silica gel. The sorption data again suggest that 

neutral sulphonate has a greater affinity to the silica surface for adsorption. The low 

uptake for silica gels may be explained by the shallow cavity on the surface and 

spheres silica gel whereas the mesoporous material has channels penetrating the depth 

of the crystal. 

4.12.2 The Sorption of Overbased Sulphonate and Phenate 

Detergents using Various Mesoporous Materials, Silica Gels and 

Zeolite Sodium Y 

The overbased sulphonate was shown by sorption uptake experiments to not be 

adsorbed in the pores of the 4 nm or 6 nm mesoporous materials with the exception of 

some external surface adsorption. This was expected as the overbased micelles are 
too large to enter the pores of the material. However, the column elution studies of 
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Section 4.3 demonstrated that neutral component surrounding the carbonate core is 

removed as the micelle travels through a column prepared with a mesoporous or silica 

gel material and this phenomenon was previously discussed in Section 2.3.6. This 

was also true for the overbased phenate with the exception that the neutral component 

reacts with the column packing to elute as alkyl phenol and is discussed in Section 

2.3.5. The 4 nm room temperature material was the most effective mesoporous 

material at stripping the neutral sulphonate from the carbonate core and is related to 

the greater amount of silanol groups present on the material available for reaction. 
The overall recovery of the overbased detergents were not as high as for the neutral 
detergent and is expected to be due to the carbonate core remaining in the column 

after the neutral component has been stripped as previously discussed in Section 

2.4.8.1, as well as loss due to the stripping of the neutral component. 

4.12.3 Further Discussions 

The column elution studies of all detergent samples in hexane have produced one very 

important point. All the Soxhlet extracted detergents contain silicone oil. Lubricant 

detergents contain silicone antifoam additives as shown in Section 1.8 and are present 

to prevent large quantities of foams occurring in the engine as agitation of the 

lubricant occurs within the engine where excessive foam can lead to reduced engine 

performance. The silicone antifoam eluted in the last few methanol solution fractions 

or in the extra hexane wash. This suggests a slow eluting component that is adsorbed 

on the silica surface. The silicone oil component was determined by searching the 

online infrared database (125) which matched the unknown component (Figure 4.82b) 

as silicone oil (Figure 4.82a). 
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Figure 4.82 - the FTIRSearch. com search result (a) and an unknown sample obtained in the extra 
hexane wash extract (b). Both absorbance spectra have x axis in cm-'. 
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5.0 The Separation of Detergent Mixtures and Fully Formulated Oils 

This section examines the abilities of the mesoporous and silica gel materials for the 

separation of a mixture of two detergent components and of fully formulated 

lubricants. A range of binary mixtures of the Soxhlet extracted detergent additives 

were prepared such as, a neutral sulphonate with overbased sulphonate or a neutral 

phenate with overbased sulphonate. The silica gel materials are used to demonstrate 

that materials with surface porosity only are not able to produce a separation. 

5.1 The Separation of Detergent Mixtures 

The investigation looked at the 6 possible separations of the 4 detergent samples 

under investigation. The separations were analysed both to determine the mass 

content present in each solvent fraction and by infrared analysis to determine the 

nature of the fraction content. In the infrared analysis a qualitative determination of 

the mass present in each solvent fraction was made by comparison of the 

characteristic peak area of the sample infrared spectrum to a set of calibration 

standards of each detergent as described in Section 5.1.2. The possible separations 

were: 

" Neutral Sulphonate from Overbased Sulphonate 

" Neutral Sulphonate from Overbased Phenate 

" Neutral Sulphonate from Neutral Phenate 

" Neutral Phenate from Overbased Sulphonate 

" Neutral Phenate from Overbased Phenate 

" Overbased Phenate from Overbased Sulphonate 

The separation of neutral sulphonate from neutral phenate was not examined as the 

sorption studies of Section 4.1 showed that both components are adsorbed by the 

mesoporous materials. 
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5.1.1 Method 

The columns were prepared as in the method of Section 4.3.2, but the amount of 

column packing used in each experiment was 200 mg. The elution process was 

carried out as described in Section 4.3.3 with the exception that binary detergent 

mixtures were eluted through the columns. The binary detergent separations were 

carried out in triplicate on fresh columns. 

5.1.2 Preparation of Binary Mixtures of Detergent Solutions 

A binary detergent solution was prepared by pipetting aI ml sample of standard 
detergent solution in hexane (10 mg/ml) with a second 1 ml standard detergent 

solution in hexane (10 mg/ml) and shaken. The additive package was added to the 

column and eluted with hexane (8 ml) which was collected as either a single 10 ml 

sample or as individual 10 x1 ml samples in pre-weighed vials. The hexane fraction 

was followed by a solution (10 ml) containing methanol (50%), toluene (25%) and 
hexane (25%). This fraction was collected in pre-weighed vials as either a single 10 

ml sample or as 10 x1 ml samples. The final elution was a hexane fraction (10 ml) 

collected as a single 10 ml fraction. All the collection vials were evaporated of their 

solvent and reweighed. 

5.1.3 Infrared Analysis of the Separation Residues 

Hexane (0.3 ml) was added to each solvent sample residue vial and analysed by infra 

red studies using a 0.1 mm potassium bromide solid cell. Calibration standards for 

peak analysis of the detergents were prepared by making solutions of detergent 

between the range of 0 mg/ml and 10 mg/ml. The samples were analysed by a 0.1 ml 

KBr cell and the peak area at 863 cm' for the overbased detergents, 1302 cm' for the 

phenate detergents and 1056 cm-1 for the sulphonate detergents were determined, an 

example of such a calibration graph for neutral sulphonate is shown in Figure 4.1. 

The peak area of the obtained residues were analysed by infrared and correlated to the 

corresponding calibration graphs. 
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5.2 The Separation of Detergent Mixtures using various Mesoporous and 
Silica Gel Materials 

This section examines abilities of the mesoporous and silica gel materials to separate 

various binary mixtures of the detergent additives by examination of the mass 

recovery obtained by solvent elution and by infrared analysis of the peak area of the 

most intense bands in the spectra of the detergent residues. 

5.2.1 Separation of Neutral Sulphonate from Overbased Sulphonate 

The separation of a mixture containing 10 mg of each detergent was analysed by the 

mass recovery of each detergent in the solvent washes and by the infrared peak area 

analysis of each residue. 

5.2.1.1 Mass Recovery of the Detergent Components 

The solvent washes were analysed by weight to determine the mass of neutral and 

overbased sulphonate detergent residue recovered in each solvent fraction. The data 

of Table 5.1 show the average recoveries for the separation which was repeated in 

triplicate. The maximum standard deviation was 1.92 mg. 

Column Hexane Error Methanol Error Extra Hexane Error Total Total 

Packing Recovery (mg) Recovery (mg) Recovery (mg) Recovery Error 

(mg) (mg) (mg) (mg) (mg) 

4 nm MCM 6.32 1.48 11.26 1.20 0.80 0.24 18.38 1.92 

Material 

6 nm MCM 7.24 1.32 11.5 0.34 0.70 0.14 19.44 1.41 
Material 

-i-mm Mobil 6.80 0.92 11.88 0.50 0.20 0.20 18.68 1.06 

Material 

40 Silica 17.06 0.76 1.60 0.18 0.12 0.12 18.78 0.79 

Gel 

60 Silica 16.28 0.84 1.34 0.22 0.24 0.08 17.86 0.87 

Gel 

Table 5.1 - The separation of neutral sulphonate from overbased sulphonate 
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5.2.1.2 Infrared Analysis for the Overbased Sulphonate Residue 

The solvent fractions were analysed by infrared analysis of the peak at 863 cm's 

which represents the calcium carbonate core. The overbased sulphonate consists of a 

calcium carbonate core surrounded by neutral sulphonate. The infrared spectrum of 

overbased sulphonate therefore contains the characteristic infrared bands of neutral 

sulphonate as shown in Section 2.3.1.4.2 and therefore the neutral sulphonate 

component of the overbased sulphonate micelle is indistinguishable by infrared from 

the neutral sulphonate sample. The calcium carbonate peak at 863 cm -1 is not present 
in neutral sulphonate and can be used in tracing the overbased sulphonate. The 

methanol and extra hexane washes contain infrared peaks due to the elution of the 

neutral sulphonate component and from neutral sulphonate that has been stripped 
from the carbonate core as described in Section 2.3.6. The amount of overbased 

sulphonate initially used was10 mg. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak at 0.90 0.00 0.00 0.90 

863cm'' 

Mass Equivalent 8.78 0.00 0.00 8.78 

(mg) 

Table 5.2 - Infrared analysis of the calcium carbonate core in the separation of overbased sulphonate 

from neutral sulphonate using a4 nm mesoporous material. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 0.93 0.00 0.00 0.93 

at 863cm'' 

Mass Equivalent 9.03 0.00 0.00 9.03 

(mg) 

Table 5.3 - Infrared analysis of the calcium carbonate core in the separation of overbased sulphonate 

from neutral sulphonate using a6 nm mesoporous material. 
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Hexane wash Methanol wash Extra hexane 

wash 

Total 

Peak Area of peak 1.06 0.00 0.00 1.06 

at 863cm'i 

Mass Equivalent 10.3 0.00 0.00 10.3 

(mg) 

Table 5.4 - Infrared analysis of the calcium carbonate core in the separation of overbased sulphonate 

from neutral sulphonate using a 40 Silica Gel material. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 1.20 0.00 0.00 1.20 

at 863cm"' 

Mass Equivalent 11.69 0.00 0.00 11.69 

(mg) 

Table 5.5 - Infrared analysis of the calcium carbonate core in the separation of overbased sulphonate 

from neutral sulphonate using a 60 Silica Gel material. 
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5.2.1.3 Summary of the Separation of Neutral Sulphonate and Overbased 

Sulphonate 

The average mass recoveries of detergent obtained in each solvent are shown in 

Figure 5.1. The mass recovery as determined by comparison of the infrared carbonate 

core peak at 863 cm-1 of the sample is shown in Figure 5.2 and represents the data 

obtained for a single column and is not therefore a representation of the average mass 

recovery. The data suggests that a silica gel size exclusion material allows all the 

overbased sulphonate to elute in the hexane fraction as confirmed by the presence of 
the carbonate core peak in the infrared spectrum. The overbased sulphonate does not 

adsorb on the mesoporous materials with the exception of some neutral sulphonate 

component as previously discussed in Section 2.3.6. The infrared analysis of the 

overbased sulphonate in the hexane fraction suggests that most of the calcium 

carbonate has been recovered. The methanol fraction contains neutral sulphonate 

which originates from the neutral sulphonate originally applied and from the stripping 

of the overbased core. Visual analysis of the infrared spectrum of the extra hexane 

wash suggests that silicone oil is present as previously shown by the column 

saturation studies of Section 4.3. 
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Figure 5.1 - The average recoveries of detergent in the hexane, () methanol, (. ) and extra hexane 

washes (. ) for the separation of neutral and overbased sulphonate. 
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Figure 5.2 - The mass recovery of overbased sulphonate as determined by infrared analysis of the 

carbonate peak at 863 cm-' 

The column that performed the best separation was the 6 nm hydrothermal 

synthesised material as determined by the comparison of the initial mass of overbased 

sulphonate applied (10 mg) to the calculated mass recovery by the infrared peak 

analysis of the calcium carbonate core of the overbased sulphonate in the hexane 

wash. 
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5.2.2 Separation of Neutral Sulphonate from Overbased Phenate 

The separation of a mixture of neutral sulphonate from an overbased phenate was 
determined by the mass recovery in the solvent washes and by infrared peak 
inspection of the carbonate core of the overbased phenate at 863 cm-1 

5.2.2.1 Mass Recovery of the Detergent Components 

The results shown in Table 5.6 are the average recoveries for each separation which 

was repeated in triplicate and the highest error by standard deviation was calculated as 
1.75 mg. 

Column Mass Error Mass Error Mass Error Total Error 
Packing Recovery (mg) Recovery (mg) Recovery (mg) Recovery (mg) 

in in in Extra (mg) 

Hexane Methanol Hexane 

(mg) (mg) (mg) 

4 nm 6.46 1.10 9.04 0.46 3.04 0.98 18.54 1.54 

Mesoporous 

Material 

6 nm 4.28 0.84 11.56 1.48 3.06 0.42 18.90 1.75 

Mesoporous 

Material 

4 nm Mobil 2.82 0.94 13.04 1.10 - - 15.86 1.44 

Mesoporous 

Material 

40 Silica 15.14 0.42 3.28 0.24 0.42 0.14 18.84 0.50 

Gel 

60 Silica 16.94 0.66 2.44 0.74 0.26 0.12 19.64 0.99 

Gel 

Table 5.6 - The separation of neutral sulphonate from overbased phenate. 
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5.2.2.2 Mass Recovery of the Overbased Component by Infrared 

The infrared analysis of the carbonate peak at 863 cm'' of the overbased phenate is 

examined for the 4 nm and 6 nm mesoporous materials and the peak area compared to 

an overbased phenate calibration graph. The mass recovery calculated from infrared 

analysis shows the results obtained from a single column elution and compared to the 

initial amount of overbased phenate (10 mg) applied to the column. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 0.22 0.09 0.18 3.1 

at 863cm'' 

Mass Equivalent 3.7 1.6 3.0 8.3 

(mg) 

Table 5.7 - Infrared analysis of the calcium carbonate core used in the separation of overbased phenate 

from neutral sulphonate using a4 nm mesoporous material. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 0.17 0.02 0.35 0.54 

at863cnii 
Mass Equivalent 2.9 0.3 S. 7 8.9 

(mg) 

Table 5.8 - Infrared analysis of the calcium carbonate core used in the separation of overbased phenate 

from neutral sulphonate using a6 nm mesoporous material. 
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5.2.2.3 Summary of the Separation of Neutral Sulphonate from 
Overbased Phenate 

Figure 5.3 shows the mass recoveries of detergent from the separation of neutral 
sulphonate and overbased phenate. Figure 5.4 shows the mass recovery of the 

overbased phenate carbonate core by infrared analysis of the peak at 863 cm-1. The 

small amount of detergent collected in the hexane fraction from a column containing a 

mesoporous material suggests that the overbased phenate is partially adsorbed on the 

surfaces. The infrared analysis of the carbonate peak at 863 cm"' suggests that the 

carbonate core has eluted in both the methanol and extra hexane washes. The Mobil 

material was shown by mass recovery to adsorb the most detergent as the least 

amount of detergent was collected in the hexane wash. Also the overall recovery 
from this material was poor. The 4 nm hydrothermal material performed the best 

separation and contained the most overbased phenate in the hexane wash. 
The silica gel materials do not exclude the overbased phenate or neutral sulphonate 

and the greatest mass of detergent is recovered in the hexane wash. Infrared analysis 

confirms that the overbased phenate carbonate peak at 863 cm' is present in the 
hexane wash. Visual inspection of the infrared spectra of the hexane extracted 

residues also shows the presence of neutral sulphonate peaks at 1012,1040 and 
1160 cm''. The methanol extracts contain traces of neutral sulphonate and alkyl 

phenol with peaks at 1175 and 1275 cm"' characteristic of alkyl phenol. The infrared 

spectra of the extra hexane washes contain peaks at 800,1000,1100 and 1275 cm"' 

which are characteristic of silicone oil. The silica gel columns tend to have the 

clearest spectra for silicone oil which are due to the neutral and overbased detergents 

eluting through the columns without adsorption to the surface with the exception of 

some neutral components on the external surfaces which are removed effectively by 

the methanol solution. The silicone oil seems to be retained by the mesoporous and 

silica gel materials and slowly elutes over the surfaces of the pores. 
It is concluded that none of the materials are suitable for a separation of the overbased 

phenate from the neutral sulphonate due to the overbased phenate being adsorbed by 

the mesoporous materials whereas neither detergent is adsorbed by the silica gel 

materials. 
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Figure 5.3 - The average recoveries of detergent in the hexane, () methanol, (a) and extra hexane 

washes (u) for the separation of neutral sulphonate and overbased phenate. 
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Figure 5.4 - The mass recovery of overbased phenate as determined by infrared analysis of the 

carbonate peak at 863 cm". 
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5.2.3 Separation of Neutral Phenate from Overbased Sulphonate 

The separation of neutral phenate from overbased sulphonate was examined by the 

mass recovery in the solvent washes and by infrared peak inspection of the overbased 

sulphonate carbonate core at 863 cm'. 

5.2.3.1 Mass Recovery of the Detergent Components 

The solvent washes were analysed by weight to determine the mass of neutral phenate 

and overbased sulphonate detergent residue recovered in each solvent fraction. The 

data of Table 5.9 show the average recoveries for the separation which was repeated 
in triplicate. The highest error obtained from the standard deviation was 3.16 mg. 

Column Mass Error Mass Error Mass Error Total Error 

Packing Recovery (mg) Recovery (mg) Recovery (mg) Recovery (mg) 

in Hexane in in Extra (mg) 

(mg) Methanol Hexane 

(mg) (nom 

2 nm 11.46 1.28 4.92 0.54 0.84 0.38 17.22 1.44 

Mesoporous 
Material 

4 nm 9.10 1.76 9.28 2.62 0.32 0.22 18.70 3.16 

Mesoporous 

Material 

6 nm 7.30 0.70 7.64 0.82 0.60 0.14 15.54 1.08 

Mesoporous 

Material 

4 nm Mobil 8.00 0.74 7.68 0.52 0.54 0.12 16.22 0.91 

Mesoporous 

Material 

4 nm RT 7.84 0.96 7.48 1.34 0.38 0.04 15.70 1.64 

Mesoporous 

Material 

40 Silica Gel 17.32 0.44 1.68 0.20 0.20 0.04 19.20 0.48 

60 Silica Gel 17.94 0.10 1.64 0.46 0.20 0.12 19.78 0.48 

Table 5.9 - The separation of neutral phenate from overbased sulphonate. 
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5.2.3.2 Mass Recovery of the Overbased Component by Infrared 

The analysis of the peak at 863 cm-1 representing the carbonate core was analysed and 
compared to a calibration graph of overbased sulphonate to a mass recovery from 

peak area. The data shows the results from a single column elution. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 0.8 0.05 0.00 0.85 

at 863cm 

Mass Equivalent 7.7 0.5 0.00 8.2 
(mg) 

Table 5.10 - Infrared analysis of the calcium carbonate core used in the separation of overbased 

sulphonatc from neutral phenate using a4 nm mesoporous material. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 0.89 0.04 0.00 0.93 

at 863cm" 

Mass Equivalent 8.7 0.43 0.00 9.09 
(mg) 

Table 5.11 - Infrared analysis of the calcium carbonate core used in the separation of overbased 

sulphonate from neutral phenate using a6 nm mesoporous material. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 0.89 0.00 0.00 0.89 

at 863cm" 
Mass Equivalent 8.7 0.00 0.00 8.7 

(mg) 

Table 5.12 - Infrared analysis of the calcium carbonate core used in the separation of overbased 

sulphonate from neutral phenate using a Silica Gel 40 material. 
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Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 0. % 0.02 0.00 0.98 

at 863cm" 

Mass Equivalent 9.32 0.2 0.00 9.52 

(mg) 

Table 5.13 - Infrared analysis of the calcium carbonate core used in the separation of overbased 

sulphonate from neutral phenate using a Silica gel 60 material. 
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5.2.3.3 Summary of the Separation of Neutral Phenate from Overbased 

Sulphonate 

Figure 5.6 shows the mass recoveries of detergent from the separation of neutral 
sulphonate and overbased phenate. Figure 5.7 shows the mass recovery of the 
overbased sulphonate carbonate core by infrared peak area analysis of the peak at 
863 cm-1. The mass recovery in hexane suggests that 2 nm mesoporous material does 

not retain the overbased sulphonate and only partially retains the neutral phenate. The 

other mesoporous materials retain the neutral phenate and allow the overbased 
sulphonate to elute over the external surfaces of the material. This is confirmed by 
both the mass recoveries and infrared peak analysis. 
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Figure 5.5 - The average recoveries of detergent in the hexane, () methanol, (. ) and extra hexane 

washes (. ) for the separation of neutral phenate and overbased sulphonate. 
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Figure 5.6 - The mass recovery of overbased sulphonate as determined by infrared analysis of the 

carbonate peak at 863 cm". 

The 4 nm and 6 nm mesoporous materials all perform a good separation of the neutral 

phenate from the overbased sulphonate, whereas the silica gels are unable to separate 

this mixture. 
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5.2.4 Separation of Neutral Phenate from Overbased Phenate 

The separation of neutral phenate from overbased phenate was examined by the mass 

recovery in the solvent washes and by infrared peak inspection of the overbased 

phenate carbonate core at 863 cm-1 

5.2.4.1 Mass Recovery of the Detergent Components 

The solvent washes were analysed by weight to determine the mass of neutral phenate 

and overbased phenate detergent residue recovered in each solvent fraction. The data 

of Table 5.14 show the average recoveries for the separation which was repeated in 

triplicate. The greatest error obtained by standard deviation was 1.65mg. 

Column Mass Error Mass Error Mass Error Total Error 
Packing Recovery (mg) Recovery (mg) Recovery (mg) Recovery (mg) 

in Hexane in in Extra (mg) 

(mg) Methanol Hexane 

(mß) (tW 

2 nm 9.94 0.90 7.24 0.82 1.72 0.54 18.90 1.33 

Mesoporous 

Material 

4 nm 5.84 1.48 9.12 0.70 1.74 0.26 16.70 1.65 

Mesoporous 

Material 

40 Silica Gel 17.54 0.42 1.68 0.30 0.40 0.04 19.62 0.51 

60 Silica Gel 18.28 0.28 0.88 0.44 0.36 0.16 19.52 0.54 

Table 5.14 - The separation of neutral from overbased phenate. 
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5.2.4.2 Mass Recovery of the Overbased Component by Infrared 

The infrared analysis of the peak area of the calcium carbonate core at 863 cm-1 was 

compared to calibration samples of overbased phenate to obtain the amount of 

overbased phenate present in each solvent elution. The data represents the results 

obtained for a single column elution experiment. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 0.9 0.3 0.6 1.9 

at $63 cm -1 

Mass Equivalent 5.0 1.8 3.5 10.4 

(mg) 

Table 5.15 - Infrared analysis of the calcium carbonate core in the separation of overbased phenate 

from neutral phenate using a2 nm mesoporous material. 

Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 1.9 0.8 0.9 3.6 

at 863cm' 

Mass Equivalent 5.1 2.1 2.4 9.63 

(mg) 

Table 5.16 - Infrared analysis of the calcium carbonate core in the separation of overbased phenate 

from neutral phonate using a4 nm mesoporous material. 

Hexane wash Methanol wash Extra hexane Total 

wash 

Peak Area of peak 3.7 0.00 0.00 3.7 

at 863cm'' 

Mass Equivalent 9.8 0.00 0.00 9.8 

(mg) 

Table 5.17 - Infrared analysis of the calcium carbonate core in the separation of overbased phenate 
from neutral phenate using a 40 Silica Gel material. 
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Hexane wash Methanol wash Extra hexane Total 

wash 
Peak Area of peak 3.4 0 0 3.4 

at 863cm'i 

Mass Equivalent 9.1 0 0 9.1 

(mg 

Table 5.18 - Infrared analysis of the calcium carbonate core in the separation of overbased phenate 

from neutral phenate using a 60 Silica Gel material. 
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5.2.4.3 Summary of the Separation of Neutral Phenate from Overbased 

Phenate 

The average mass recovery by weight is shown in Figure 5.7 and the mass recovery in 

a single column by infrared peak area analysis in Figure 5.8 suggests that the hexane 

wash when eluted over the 2 nm material contains overbased phenate. However the 

mass recovery of the carbonate core by infrared does not account for all of the mass of 
the collected fraction suggesting that neutral phenate is also eluting in the hexane. 

The elution of the detergent mixture over a4 nm material suggests that the overbased 

phenate is partially adsorbing in the pores of the material and some carbonate core is 
detected in all of the solvent washes. The silica gel materials do not adsorb the 
detergent mixture, with the exception of some surface adsorption of neutral phenate 

which elutes in the methanol as alkyl phenol which was discussed in Section 2.3.5. 
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Figure 5.7 - The average recoveries of detergent in the hexane, () methanol, (. ) and extra hexane 

washes (u) for the separation of neutral and overbased phenate. 
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Figure 5.8 - The mass recovery of overbased phenate as determined by infrared analysis of the 

carbonate peak at 863 cm'. 
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5.2.5 The Separation of Overbased Sulphonate from Overbased Phenate 

The separation of overbased suiphonate from overbased phenate was examined by the 

mass recovery in the solvent washes and by infrared peak inspection of both the 

overbased phenate and suiphonate carbonate cores at 863 cm'. The characteristic 

peak of each overbased detergent surfactant chain was analysed, which for the 

overbased suiphonate was the neutral suiphonate peak at 1044 cm' and for the 

overbased phenate, the neutral phenate peak at 1305 cm'. Each neutral detergent 

peak assignment was previously characterised in Section 2.3.1.4.1 and 2.3.1.4.3 

respectively. 

5.2.5.1 Mass Recovery of the Detergent Components 

The solvent washes were analysed by weight to determine the average mass of 

overbased sulphonate and overbased phenate detergent residue recovered in each 

solvent fraction. The data of Table 5.19 show the average recoveries for the 

separation which was repeated in triplicate. The greatest calculated value of error 

showed a standard deviation of 2.09 mg. 

Column Recovery Error Recovery Error Recovery Error Total Error 

Packing in (mg) In (mg) in Extra (mg) Recovery (mg) 

Hexane Methanol Hexane (mg) 

(mg) (nig) (mg) 

2 nm MCM 13.08 1.74 2.42 0.82 3.94 0.82 19.44 2.09 

Material 

4 nm MCM 10.40 0.46 4.12 0.66 4.02 0.26 18.54 0.84 

Material 

6 nm MCM 7.30 0.82 7.98 0.76 3.46 0.68 18.74 1.30 

Material 

40 Silica Gel 16.94 0.22 2.28 0.26 0.10 0.06 19.32 0.34 

60 Silica Gel 16.34 0.16 1.68 0.24 0.54 0.46 18.56 0.54 

Table 5.19 - The separation of overbased sulphonate from overbased phenate. 
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5.2.5.2 Mass Recovery of the Detergent Components by Infrared 

Results 

Peak Area of Mass Peak Area of Mass Peak Area Mass 

peak at Equivalent peak at Equivalent of peak at Equivalent 

863cm-1 (mg) 1044cni 1 (mg) 1305cu i1 (Ing) 

(Carbonate) (Sulphonate) (Phenate) 

Hexane 0.65 7.84 0.97 5.96 0.075 0.95 

Methanol 0.54 6.59 0.16 0.97 - - 

Extra 0.. 55 6.69 0.08 0.51 0.27 3.42 

hexane 

Total 1.74 21.12 1.21 7.44 0.35 4.37 

Table 5.20 - Infrared analysis of the carbonate peak at 863 cm-1 the phenate peak at 1305 cm1 and the 

sulphonate peak at 1040 cm' in a separation of overbased sulphonate from overbased phenate using a 

column containing a6 nm mesoporous material 

Peak Area of Mass Peak Area of Mass Peak Area Mass 

peak at Equivalent peak at Equivalent of peak at Equivalent 

863cm"l (mg) 1044cm 1 (mg) 1305cm" (mg) 

(Carbonate) (Sulphonate) (Phenate) 

Hexane 1.49 18.7 1.14 7.01 0.61 7.65 

Methanol 0.35 4.48 0.08 0.49 

Extra 0.05 0.57 0.00 0.00 - - 
hexane 

Total 1.89 23.75 1.22 7.50 0.61 7.65 

Table 5.21 - Infrared analysis of the carbonate peak at 863 cm' the phenate peak at 1305 cm' and the 

sulphonate peak at 1040 cm-' in a separation of overbased sulphonate from overbased phenate using a 

column containing a silica gel 40 material 
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5.2.5.3 Summary of the Separation of Overbased Phenate from 

Overbased Sulphonate 

The analysis of the mass recovery by infrared peak of a single column containing 6 

run mesoporous material area was shown in Table 5.20 and suggests that the 6 nm 
mesoporous material elutes calcium carbonate in all three solvent washes. The 

presence of neutral sulphonate peaks in the hexane wash suggests that this fraction 

consists of the overbased sulphonate component with a trace of overbased phenate. 
Visual analysis of the infrared spectrum of the methanol fraction suggests alkyl 
phenol and traces of neutral sulphonate. This suggests that overbased phenate is 

present but some of the neutral phenate surrounding the calcium carbonate core has 
been stripped and reacted to form alkyl phenol, as previously discussed in Section 

2.4.7. The neutral sulphonate present is a result of the stripping of the overbased 
sulphonate core which was previously discussed in Section 2.4.8. The extra hexane 

wash also contains calcium carbonate and this arises from overbased phenate as 

confirmed by the presence of the infrared peak of the intense phenate band at 
1305 cm-1. The 2 nm and 4 nm mesoporous material elutes both overbased phenate 

and sulphonate in the hexane wash suggesting that these materials are unsuitable to 

separate the overbased detergents. The silica gel materials do not exclude either 
detergent and both components elute in the hexane wash, with the exception of some 

surface adsorbed neutral sulphonate and alkyl phenol. Figure 5.9 gives the results 
from the mass recoveries of Table 5.19. 
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Figure 5.9 - The average recoveries of detergent in the hexane, () methanol, (. ) and extra hexane washes 

(. ) for the separation of neutral and overbased phenate. 

301 



Separation of Detergents and Fully Formulated Oils Methodology 

5.3 Separation of Unknown Lubricants T40178, T40177 and Lubricant New 

Formula Using Novel Silicate Mesoporous Materials 

This investigation examines the viability of mesoporous materials for the separation 

of components found in the industrially formulated lubricants T40178, T40177 and 
"New Formula". Three mesoporous materials were used to investigate lubricant 

T40178 of pore sizes 2,4 and 6 nm, two mesoporous materials with 4 nm and 6 nm 

pores were used to investigate lubricant T40177 and a4 nm mesoporous material was 

used for the examination of sample "New Formula". 

5.3.1 Methods 

The following Section outlines the procedures carried out to obtain a separation of the 

industrially formulated lubricants. 

5.3.2 Soxhlet Extraction of Lubricants T40177, T40178 and New Formula 

The lubricants T40178, T40177 and New Formula were Soxhlet extracted as 

described in Section 2.1.1 to remove the base oil component. This enabled a 

concentrated sample to be prepared for column elution. 

The mass of Soxhlet extracted T40178 in a 0.1 ml aliquot was 49.5 mg. 

The mass of Soxhlet extracted T40177 in a 0.1 ml aliquot was 86.9 mg. 

The mass of Soxhlet extracted New Formula in a 0.1 ml aliquot was 76.6 mg 

5.3.3 Column Preparation 

The columns were prepared by the method outlined in Section 4.3.2 with the 

following amendments; each mesoporous silicate material was activated at 400 °C 

under flowing nitrogen for 3 hours. The cooled packing was weighed to produce a 

packing of 0.2 g per column and saturated in hexane. The columns were packed as 
hexane slurries to produce an air free smooth surface for elution. 
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5.3.4 Elution 

The detergent samples were eluted as described in Section 4.3.3 but with the 
following amendments; Soxhlet extracted lubricants T40177, T40178 and New 

Formula were eluted through the columns using hexane, (10 ml) followed by a 

mixture of methanol (50%) toluene (25%) and hexane (25%), (10 ml) The eluted 

solvents were initially collected as 3 separate 10 ml fractions. Repeated separations 

were collected as 10 x1 ml fractions in pre-weighed vials with a final single 10 ml 

collection of hexane used as an extra wash. All solvents were evaporated and vials 

reweighed to find the weight of detergent component present in the lubricant fraction. 

5.3.5 Analysis 

Analysis of each fraction was by infrared spectroscopy. Samples were prepared by 

addition of 0.3 ml of hexane to the solid fraction residing in each solvent evaporated 

vial. The samples were analysed using a 0.1 cm KBr solid cell. 

303 



Separation of Detergents and Fully Formulated Oils Results 

5.4 Separation Studies of Soxhlet Extracted Lubricant T40178 

An aliquot of 0.2 ml of Soxhlet extracted T40178 was injected onto two columns and 
the experiments were therefore completed in duplicate for all the mesoporous 

materials used. 

5.4.1 Separation of T40178 using a2 nm Mesoporous Material 

The recovered detergent in the solvent washes was analysed by mass and visual 
inspection of the infrared peaks in the spectrum of each fraction. 

5.4.1.1 Results 

The total mass recovery of T40178 obtained from individual 1 ml fractions using a 

column containing 2 nm mesoporous material are shown in Table 5.22. The 

individual mass recoveries in progressive 1 ml fractions are shown in Tables 5.23, 

5.24 and 5.25. These Tables also indicate the detergent present in each fraction by the 

visual observation of peaks in the infrared spectrum of each sample. 

Column I Column 2 

Mass of T40179 recovered in hexane 81 70 

(mg) 

Mass of T40178 recovered in methanol 11 12 

(mg) 

Mass of T40178 recovered in the extra 1 1 
hexane wash (mg) 

Total mass recovered 92 82 

(mg) 

Actual mass of T40178 injected on column 99 99 

(mg) 

Table 5.22 - The total recoveries obtained from separation using a2 nm mesoporous material 
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Hexane 

Fraction 
Column 1 
Mass of 
Component (mg) 

Visual Inspection of 
the Infrared peaks 

Column 2 

Mass of 
Component (mg) 

Visual Inspection of 
the Infrared peaks 

1 0.1 Base Oil 0 Base Oil 
2 0.2 Base Oil 1.7 Base Oll 
3 5.9 Base Oil 7.5 Base Oil 

4 8.7 Base Oil 8.6 Base Oil 

5 9.6 Base Oil I Overbased 

Phenate 

8.8 Base Oil / 

Overbased Phenate 

6 10.2 Base Oil / Overbased 

Phenate 

9.4 Base Oil / 
Overbased Phenate 

7 10.5 Base Oil / Overbased 

Phenate 

7.8 Base Oil / 

Overbased Phenate 
8 9.7 Base Oil / Overbased 

Phenate 

8.5 Base Oil / 

Overbased Phenate 

9 10.8 Overbased Phenate 7.1 Overbased Phenate 

10 15.3 Over based Phenate 10.7 Overbased Phenate 

Table 5.23 - The analysis of 1 ml collected fractions found in the hexane fraction for the separation of 
T40178 on a2 nm mesoporous material. 

Methanol 

Fraction 
Column 1 

Mass of 
Component (mg} 

Visual Inspection of 
the Infrared peaks 

Column 2 

Mass of 
Component (mg) 

Visual Inspection 

of the Infrared 

peaks 
11 0.3 Overbased Phenate 

/Neutral Sulphonate 
0.2 Base Oil 

12 13 Neutral Sulphonate/ 

Overbased Phenate 

0.8 Overbased 

Phenate 

13 7.8 Alkyl Phenol 7.9 Alkyl Phenol 

14 0.5 Alkyl Phenol 0.9 Alkyl Phenol 

15 0.1 Alkyl Phenol 0.2 Alkyl Phenol 

16 0.1 Base Oil 0.2 Base Oil 

17 0.0 Noise 0.2 Base Oil 

18 0.0 Noise 0.1 Base Oil 

19 0.0 Noise 0.2 Base Oil 
20 0.3 Silicone Oil 0.2 Base Oil 

Table 5.24 - The analysis of 1 ml collected fractions found in the methanol solution fraction for the 

separation of T40178 on a2 nm mesoporous material. 
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Extra Column I Visual Column 2 Visual Inspection of 

Hexane Mass of Inspection of Mass of the Infrared peaks 
Fraction Component (mg) the Infrared Component (mg) 

peaks 
21 0.8 Silicone Oil I Silicone Oil 

Table 5.25 - The analysis of a single 10 ml fraction found in the extra hexane wash for the separation 

of T40178 on a2 nm mesoporous material. 
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Figure 5.10 -- The graphical representation of Tables 5.23,5.24 and 5.25 showing the separation of 
T40178 on a2 nm siliceous mesoporous material. The results show the presence of overbased phenate 

(. ), alkyl phenol, (. ) neutral sulphonate (. ) and silicone oil () 
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Figure 5.1 1- The infrared spectra of aI ml hexane fraction of T40178 separated on a2 nm mesoporous 

column showing the overbased phenate peaks (. ), base oil peaks are shown in white. 

306 



Separation of Detergents and Fully Formulated Oils Results 

OD17 
ABS 

0D16 

OA15 

0014 

OA13 

OA12 

OA11 

OA1 

0 A09 

0 A0H 

0 A0? 

1600.0 1500 .0 1400 .0 1300 .0 1200 0 1100.0 1000 0 900 .0 300 0 
11CIL 

Figure 5.12 - an example of the infrared spectra of a Iml methanol fraction of sample T40178 

separated on a2 nm mesoporous column taken close to the start of the polar solvent elution and shows 

the presence of overbased phenate (. ) and the neutral sulphonate (. ) 
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Figure 5.13 - An example of the infrared spectra of aI ml methanol sample taken midway through the 

polar solvent elution of the separation of T41078 using a2 nm mesoporous column and shows the 

presence of alkyl phenol (a) and overbased phenate. (. ) 
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Figure 5.14 - An example of the infrared spectra of aI ml methanol sample taken midway through the 

polar solvent elution of the separation of T41078 using a2 nm mesoporous column and shows the 

presence of silicone oil ( ). 

5.4.2 The Separation of T40178 using a4 nm Mesoporous Material 

The sample of T40178 was separated using a column containing the 4 nm 
hydrothermal synthesised mesoporous material and the recoveries of each solvent 
fraction were analysed by mass recovery and the visual inspection of the infrared 

spectra obtained for each residue. 

5.4.2.1 Results 

The total mass recovery of T40178 obtained from individual 1 ml fractions using a 

column containing 4 nm mesoporous material are shown in Table 5.26. The 

individual mass recoveries in progressive 1 ml fractions are shown in Tables 5.27, 

5.28 and 5.29. These Tables show the visual observation of peaks in the infrared 

spectrum of each sample. 
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Column 1 Column 2 

Mass of T40178 recovered in hexane (mg) 74 68 

Mass of T40178 recovered in methanol (mg) 13 15 

Mass of T40178 recovered in the extra 
hexane wash (mg) 

3 2 

Total Mass Recovered (mg) 90 85 

Mass of T40178 Injected on Column (mg) 99 99 

Table 5.26 - The total recoveries obtained from separation of T40178 using a4 nm mesoporous 

material 

Hexane 

Fraction 

Column 1 

Mass of 
Component (mg) 

Visual Inspection of 

the Infrared peaks 

Column 2 

Mass of 
Component (mg) 

Visual Inspection of 

the Infrared peaks 

1 0.0 Noise 0.0 Noise 

2 0.1 Noise 0.0 Noise 

3 11.8 Base Oil 20.7 Base Oil 

4 28.9 Base Oil 32.3 Base Oil / 

Overbased Phenate 

5 16.5 Base Oil 9.1 Base Oil / 
Overbased Phenate 

6 7.7 Base Oil 2.6 Base Oil 

7 3.7 Base Oil 1.0 Base Oil 

8 2.1 Base Oil 0.5 Noise 

9 1.0 Noise 0.5 Noise 
10 2.0 Noise 1.2 Base Oil 

Table 5.27 - The analysis of 1 ml collected fractions found in the hexane wash for the separation of 

T40178 on a4 nm mesoporous material. 
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Methanol 

Fraction 

Column 1 

Mass of 
Component 

(m8) 

Visual Inspection of 

the Infrared peaks 

Column 2 

Mass of 
Component 

(mg) 

Visual Inspection of the 

Infivred peaks 

11 0.0 Noise 0.1 Noise 
12 0.0 Noise 0.1 Noise 
13 3.1 Silicone oil 5.6 Overbased Pbenate/ 

Neutral Sulphonate 
14 6.4 Silicone Oil 4.3 Overbased Phenate/ 

Alkyl Phenol 

15 1.9 Silicone Oil 2.0 Overbased Phenate/ 

Alkyl Phenol 
16 0.5 Alkyl Phenol 1.2 . Alkyl Phenol 

17 0.4 Alkyl Phenol 0.6 Oil 

18 0.4 Alkyl Phenol 0.8 Oil 

19 0.3 Noise 0.5 on 

20 0.3 Noise 0.4 Oil 

Table 5.28 - The analysis of the collected 1 ml fractions found in the methanol wash for the separation 

of T40178 on a4 nm mesoporous material. 

Extra Column 1 Analysis Column 2 Analysis 

Hexane Mass of Mass of Component 

Component (mg) (mg) 

21 2.4 Overbased 1.4 Silicone Oil 

Phenate/Alkyl Phenol 

Table 5.29 - The analysis of the collected 1 ml fractions found in the extra hexane wash for the 

separation of T40178 on a4 nm mesoporous material 
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Figure 5.15 - The graphical representation of Tables 5.27,5.28 and 5.29 showing the separation of 

T40178 on a4 nm siliceous mesoporous material. There is a presence of overbased phenate (. ) alkyl 

phenol (e) and silicone oil () 
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5.4.3 Separation of T40178 using a6 nm Mesoporous Material 

The recovered detergent in the solvent washes was analysed by mass and visual 
inspection of the infrared peaks in the spectrum of each fraction. 

5.4.3.1 Results 

The separation of an aliquot of T40178 on a6 nm hydrothermal synthesised 

mesoporous material was analysed for the mass recovery present in each solvent wash 

and by the visual inspection of the infrared peaks present in each spectra. 

Column 1 Column 2 

Mass of T40178 recovered in hexane (mg) 77 75 

Mass of T40178 recovered in methanol, 
toluene and hexane (mg) 

16 11 

Mass of T40178 recovered in the extra 
hexane wash (mg) 

0 2 

Total Mass Recovered (mg) 93 88 

Actual Mass of T40178 Injected on Column 

(Ing) 

99 99 

Table 5.30 - The total recoveries obtained from the separation of lubricant T40178 using a6 nm 

mesoporous material 
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Hexane Column 1 Visual inspection of the Column 2 Visual Inspection of 
Fraction Mass of Infrared peaks mass of the infrared peaks 

Component Component 

(mg) (m8) 

1 0.0 Noise 0.3 Noise 
2 03 Base Oil 0.0 Noise 

3 9.4 Base Oil 0.1 Base Oil 
4 12.2 Base Oil 8.7 Overbased Phenate 

5 11.6 Base Oil / Overbased 24.0 Base Oil / Overbased 

Phenate Phenate 

6 103 Base Oil / Overbased 16.9 Base Oil / Overbased 

Phenate Phenate 

7 9.4 Base Oil / Overbased 13.2 Base Oil I Overbased 

Phenate Phenate 

8 8.0 Base Oil / Overbased 5.9 Base Oil / Overbased 
Phenate Phenate 

9 7.6 Overbased Phenate 2.5 Base Oil / Overbased 

Phenate 

10 8.1 Overbased Phenate 3.5 Base Oil / Overbased 

Phenate 

Table 5.31 - The analysis of collected 1 ml fractions found in the hexane wash when a sample of 
T40178 was separated on a column of 6 nm mesoporous material 
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Methanol 

Fraction 

Column 1 

Mass of 
Component 

(mg) 

Visual Inspection of the 
Infrared peaks 

Column 2 

Mass of 
Component 
(mg) 

Visual Inspection of 
the Infrared peaks 

11 0.0 Overbased Phenate 

/Neutral Sulphonate 

0.0 Noise 

12 6.3 Overbased Phenate / 

Neutral Sulphonate 

0.2 Noise 

13 6.6 Overbased Phenate / 

Neutral Sulphonate 

0.6 Overbased Phenate 

14 1.9 Overbased Phenate/ 

Neutral Sulphonate 

4.7 Alkyl Phenol/ 

Overbased Phenate 

15 0.3 Noise 3.5 Alkyl Phenol 

16 0.1 Noise 1.5 Alkyl Phenol 

17 0.0 Noise 0.6 Noise 
18 0.0 Noise 0.0 Noise 

19 0.0 Noise 0.0 Noise 

20 0.0 Noise 0.0 Noise 

Table 5.32 - The analysis of collected 1 ml fractions found in the methanol wash for the separation of 
T40178 when separated on a column of 6 nm mesoporous material 

Extra hexane Column 1 Analysis Column 2 Analysis 

wash Fraction Mass of Mass of 
Component /mg Component / mg 

21 0.4 Overbased 1.6 Overbased 

Phenate Phenate 

Table 5.33 - The analysis of collected 1 ml fractions found in the extra hexane wash for a sample of 

T40178 when separated on a column of 6 nm mesoporous material 
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Figure 5.16 - The graphical representation of Tables 5.31,5.32 and 5.33 showing the separation of 

T40178 on a6 nm siliceous mesoporous material showing overbased phenate (. ) alkyl phenol (. ) and 

neutral sulphonate. (a) 
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5.5 Summary 

This Section examines the separation abilities of a 2,4 and 6 nm mesoporous material 
for separating the Soxhlet extracted lubricant T40178. 

5.5.1 Summary of analysis 

The clearest separation was achieved using a2 run pore sized mesoporous material 

where the overbased phenate is too large to enter the pores. Alkyl phenol arising from 

neutral phenate has entered the pores as has neutral sulphonate. The large overbased 

phenate micelle is eluting in the hexane along with large quantities of base oil with 

the overbased phenate determined by infrared analysis of the peaks at 1305 cm'' 

representing the phenate chain and 863 cm" representing the carbonate core. 

5.5.2 Analysis of the Hexane Fraction 

For all the mesoporous materials used as column packings, the hexane wash contained 
high quantities of base oil which eluted as a clear, colourless liquid which contained 

the presence of overbased phenate as determined by visual inspection of the infrared 

spectrum of the peak at 863 cm"'. The infrared spectra demonstrating a typical 1 ml 
fraction of the above description is shown in Figure 5.11 where the white peaks are 

typical base oil peaks and the purple peaks are representing the overbased carbonate 

core at 863 cm'' and the phenate chain at 1305 cm-' 

5.5.3 Analysis of the Methanol Solution Fraction 

For all the mesoporous materials used as column packings there is a presence of 

overbased component present in early fractions of the methanol wash as shown by the 

broad band in the infrared spectrum between the range 1600 - 1350 cm' indicative of 

the carbonate core broadened by the interaction of the detergent chains surrounding 

the core, and a calcium carbonate peak at 862 cm'', each of these peaks are clearly 

shown in Figure 5.12 and are shaded purple. A peak at 1302 cm' clearly represents a 

phenate detergent and is shown in Figure 5.13 as a purple peak. Possible traces of 

neutral sulphonate are shown in the early methanol fractions as determined by the 
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visual infrared inspection of Figure 5.12 and the neutral sulphonate peaks are shown 

as the red peaks at 1012,1032 and 1160 cm-1. The 1 ml methanol fractions eluting 
later show the presence of alkyl phenol as peaks at 1180,1230 and 1275 cm'' 

represented as cyan coloured peaks in Figure 5.34 and arise due to neutral phenate 

reacting with the column packing in polar solvents as previously described in Section 

2.10. 

5.5.4 Analysis of the Extra Hexane Fraction 

All of the mesoporous materials analysed show the presence of silicone oil present in 

this fraction as determined by the visual inspection of the infrared spectra of Figure 

5.14 clearly showing the 4 yellow coloured peaks associated with silicone oil at 800, 

1010,1100 and 1260 cm''. 

5.5.5 Composition of the Sample T40178 

Analysis of peak area of the calcium carbonate peaks at 862 cm"' and a neutral 

phenate chain at 1305 cm'' have shown the formulation to contain approximately 10- 

20% overbased phenate. Analysis of the sulphonate peak at 1040 cm's representing a 

neutral sulphonate chain shows the formulation to contain about 5 -10 %. The rest of 

the Soxhlet extracted formula contains base oil and a small quantity of silicone oil. 
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5.6 Separation of Soxhlet Extracted T40177 

The separation of T40177 involved separation on a4 nm and 6 nm hydrothermal 

synthesised mesoporous material. Each column was injected with an aliquot of 0.4 ml 

of sample and eluted with hexane, followed by a methanol solution and finally with 

an extra hexane wash. Each collected fraction was analysed for its mass recovery and 

the infrared spectra of the fractions analysed visually for the presence of any neutral 

or overbased sulphonate or phenate. 

5.6.1 Separation of T40177 using a4 nm Mesoporous Material 

The ability of the 4 nm mesoporous material for separating the components of a 

sample of T40177 was accomplished by mass recovery and visual inspection of the 

infrared peaks of each collected residue. 

5.6.1.1 Results 

The mass recoveries of the separated components of sample T40177 are shown in 

Table 5.34. 

Column 1 

Mass of T40177 recovered in hexane (mg) 197 

Mass of T40177 recovered in methanol, 

toluene and hexane (mg) 

11 

Mass of T40177 recovered in extra hexane 

wash (mg) 

8 

Total Mass Recovered (mg) 216 

Actual Mass Injected on Column (mg) 260 

Table 5.34 - The total mass recoveries obtained from the separation of components in a sample of 

T40177 using a4 nm mesoporous material 
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Hexane 

Fraction 

Column 1 
Mass of Component (mg) 

Analysis 

1 43.0 Base Oil 
2 66.6 Base Oil 
3 28.0 Base Oil 
4 4.1 Base Oil 
5 0.4 Base Oil 

6 0.2 Base Oil 
7 0.3 Base Oil 

8 0.0 Base Oil 
9 0.1 Base Oil 
10 0.5 Base Oil 

Table 5.35 - The mass recoveries of the separated components of individual I ml fractions found in the 
hexane wash for the separation of T40177 using a4 nm mesoporous material column. 

Methanol 

Fraction 
Column I 

Mass of Component /mg 
Analysis 

11 2.4 Neutral Sulphonate 

12 6.4 Neutral Sulphonate 

13 0.1 noise 
14 0.3 noise 
15 0.3 noise 
16 0.5 noise 
17 0.0 noise 
18 0.0 noise 
19 0.0 noise 
20 0.0 noise 

Table 5.36 - The mass recoveries of the separated components of individual I ml fractions found in the 

methanol solution wash for the separation of a sample of T40177 using a4 nm mesoporous material 

column. 

Extra Hexane 

Fraction 

Column 1 

Mass of Component /mg 

Analysis 

21 7.8 Silicone Oil 

Table 5.37 - The mass recovery of the separated components found in the extra hexane wash for the 

separation of T40177 using a4 nm mesoporous material column. 
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Figure 5.17 - The graphical representation of Tables 5.35,5.36 and 5.37 showing the separation of 

T40177 on a4 nm siliceous mesoporous material showing base oil () neutral sulphonate (. ) and 

silicone oil ( ). 
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Figure 5.18 - The infra red spectrum of the base oil found in the hexane extract in the separation of 

lubricant T40177. 
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Figure 5.19 - The infrared spectrum of the methanol fraction of lubricant T40177 clearly showing a 

neutral sulphonate presence 
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Figure 5.20 - The infra red spectrum of the extra hexane wash showing the silicone oil as yellow 

peaks. 
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5.6.2 Separation of T40177 using a6 nm Mesoporous Material 

The ability of the 6 nm mesoporous material for separating the components of a 

sample of T40177 was accomplished from the mass recovery obtained by solvent 

elution and by the visual inspection of the infrared peaks of each collected residue. 
For this experiment, only a single column was prepared and the experiment ran only 

once. 

5.6.2.1 Results 

The mass recoveries of the separated components of sample T40177 are shown in 

Table 5.38. The initial attempts of the separation of T40177 involved applying a 

small volume of Soxhlet extracted sample onto the column, which gave very small 

amounts of detergent components in the methanol solution, therefore, four times the 

original amount of T40177 was required for column elution to obtain the data 

presented in Table 5.38. 

Column 1 

Mass of T40177 recovered in Hexane (mg) 215.0 

Mass of T40177 recovered In Methanol (mg) 7.0 

Mass of T40177 recovered in Extra Hexane 

Wash (mg) 

1.0 

Total Mass Recovered (mg) 223.0 

Table 5.38 - The total mass recoveries obtained from the separation of T40177 using a6 nm 

mesoporous material 
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Hexane 

Fraction 
Column 1 

Mass of Component (mg) 

Analysis 

1 19.1 Base Oil 

2 108.6 Base Oil 

3 8.8 Base Oil 

4 1.3 Base Oil 

5 0.4 Base Oil 

6 0.2 Base Oil 

7 0.0 Base Oil 

8 0.0 Base Oil 

9 0.2 Base Oil 

10 0.0 Base Oil 

Table 5.39 - The mass recovery in individual 1 ml fractions collected in a hexane wash for the 

separation of T40177 on a6 nm mesoporous material column 

Methanol 

Fraction 

Column I 

Mass of Component (mg) 

Analysis 

11 4.5 Neutral Sulphonate 

12 2.8 Neutral Sulphonate 

13 0.0 

14 0.0 

15 0.0 

16 0.0 

17 0.0 

18 0.0 

19 0.0 

20 0.0 

Table 5.40 - The mass recovery in individual 1 ml fractions collected in a methanol wash for the 

separation of T40177 on a6 nm mesoporous material column. 

Extra Hexane 
Fraction 

Column 1 

Mass of Component (mg) 

Analysis 

21 0.6 Silicone Oil 

Table 5.41 - The mass recovery obtained in the extra hexane wash for the separation of T40177 using a 
6 nm mesoporous material column. 
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Figure 5.21 - The graphical representation of Tables 5.39,5.40 and 5.41 showing the separation of 
T40177 on a6 nm siliceous mesoporous material showing the base oil ( ), neutral sulphonate (u) and 

Silicone oil () 
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Figure 5.22 - The infra red spectrum of a solid residue collected in Iml of a hexane wash for the 

separation of lubricant T40177 on a6 nm mesoporous material 
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Figure 5.23 - The infra red spectrum of a solid residue collected in Iml of a methanol wash for the 

separation of lubricant T40177 on a6 nm mesoporous material 
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5.7 Summary 

Analysis shows the base oil component elutes in the first few 1 ml fractions of hexane 

when a4 nrn mesoporous material is used. This substance forms the majority of the 

sample and appears in the sample vials as a clear colourless liquid. The infra red 
spectrum of this substance is shown in Figure 5.22. The infrared peaks shown as red 
in Figure 5.23 contains neutral sulphonate and this was shown to be present in the 

methanol fraction. The extra hexane wash reveals traces of silicone oil as represented 
by yellow peaks in Figure 5.20. Analysis of the separation of T41077 on a6 nm 

mesoporous material gives almost identical results to that of the 4 nm mesoporous 
column. A clear colourless liquid of great proportions elutes in the hexane followed 

by neutral sulphonate in the polar solvent. Very little silicone oil is seen in the extra 
hexane wash and there may be some evidence for the presence of silicone oil in the 

methanol wash. 

5.7.1 Composition of T40177 

As lubricant T40177 is a simple lubricant containing only neutral sulphonate it was 

possible to estimate the amount of sulphonate present in the lubricant. Neutral 

sulphonate, 40 mg was dissolved in 0.3 ml of hexane and analysed for the major 

peaks present in the infrared spectrum. Direct comparison of the peak area of the 

neutral sulphonate standard to the peak area present for the methanol fractions 

(sample numbers 11-20 of Table 5.40) which were also diluted by 0.3 ml of hexane 

gave the data obtained in Table 5.42 for a6 nm mesoporous material column. 

Neutral Area of neutral Combined peak area of neutral Ratio of 

sulphonate sulphonate sulphonate collected in the methanol standard: 
Peak standard fractions sample 

(cm-) (cm) (cm) 
833 1.705 0.2103 8.1 
1014 1.124 0.1405 8.1 

Table 5.42 - The infrared peak area analysis of the neutral sulphonate component present in the 

methanol solution wash for the separation of T40177 on a6 nm mesoporous material. 
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It is shown that T40177 contains 1/8 of the neutral sulphonate that was found in the 

prepared neutral sulphonate standard (40 mg) and is equivalent to 5.0 mg of neutral 

sulphonate, but initially a sample of 223 mg of sample T40177 was injected on the 

column containing the 6 nm mesoporous material and therefore the percentage 

composition of neutral sulphonate in the sample was calculated as 2.24 %, which 

represents the composition of the Soxhlet extracted formulation. 
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5.8 The Separation of Castrol Lubricant "New Formula" 

The lubricant labelled "New Formula" was a formulation containing additional 
components other than the overbased and neutral detergents of this work. An attempt 

was made to analyse for any unusual components present in the formulation. This 

sample was analysed both before and after the lubricant was Soxhlet extracted and 

each separation was performed only once. 

5.8.1 Separation of Castrol Lubricant "New Formula" using a4 nm 
Mesoporous Material. 

The residues present in solvent fractions were analysed by mass recovery and by 

visual inspection of the infrared spectra. 

Non Soxhlet Soxhlet 

Extraction Extracted 

(Column 1) (Column 2) 

Mass of New Formula recovered in hexane 163 19.7 

(mg) 

Mass of New Formula recovered in methanol, 7.5 12.8 

toluene and hexane (mg) 

Mass of New Formula recovered in the extra 2.5 10.0 

hexane wash (mg) 

Total Mass Recovered (mg) 173 42.5 

Total Mass injected on column (mg) 200 76.6 

Table 5.43 - The recoveries of the Soxhlet extracted and non-Soxhlet extracted samples of "New 

Formula" after separation on a4 nm mesoporous material column. 
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Hexane 

Fraction 
Mass of 
Component 
(mg) 

(Column 1) 

Visual Inspection 

of the infrared 

Analysis 

Mass of 
Component 

(mg) 
(Column 2) 

visual inspection of the 
Infrared Analysis 

I 63.1 Base Oil 3.8 Overbased Carbonate 

2 72.0 Base Oil 6.3 Overbased Carbonate 

and Sulphonate 

3 14.2 Base Oil 2.8 Overbased Carbonate 

and Sulphonate 

4 7.4 Base oil 2.1 Overbased Carbonate 

and Sulphonate 
5 2.6 Base Oil 1.8 Overbased Carbonate 

and Sulphonate 

6 1.6 Base Oil 0.0 - 

7 0.9 Base Oil 0.3 - 

8 0.5 0.4 - 

9 0.6 0.7 - 

10 0.3 - 0.0 - 

Table 5.44 - The mass recovery and visual inspection of the infrared peaks of collected 1 ml hexane 
fractions of the separated components of "New Formula" using a4 nm mesoporous material 
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Methanol, Mass of Visual inspection Mass of Visual inspection of the 

toluene Component of the infrared Component Infrared Analysis 

and (mg) Analysis (mg) 
hexane (Column 1) (Column 2) 
Fraction 

11 0.5 Silicone Oil 3.8 Neutral Sulphonate and 
Silicone Oil 

12 5.9 Silicone oil 1.6 Neutral Suiphonate 

13 0.9 Silicone Oil and 0.8 Neutral Sulphonate and 
Unknown Silicone Oil 

Component 

14 0.2 Silicone Oil and 1.3 Neutral Suiphonate and 
Unknown Silicone Oil 

Component 
15 0.0 1.4 Base Oil and Silicone Oil 

16 0.0 1.4 Base Oil and Silicone Oil 

17 0.0 1.0 - 

18 0.0 0.8 - 

19 0.0 0.7 - 

20 0.0 0.0 - 

Table 5.45 - The mass recovery and visual inspection of the infrared peaks of collected 1 ml methanol 

fractions of the separated components of "New Formula" using a4 nm mesoporous material 

Extra Mass of Visual inspection of the Mass of Component Visual 
Hexane Component infrared Analysis (mg) inspection of 

(Ing) (Column 2) the infrared 

(Column 1) Analysis 

21 2.5 Silicone Oil and Base Oil 10.0 Silicone Oil 

Table 5.46 - The mass recovery and visual inspection of the infrared peaks collected in a 10 ml hexane 

fraction of the separated components of "New Formula" using a4 nm mesoporous material 

330 



Separation of Detergents and Fully Formulated Oils Results 

80 

70 A 

Methanol, Toluene 
and Hexane 

Extra 
Hexane 
wash 

ý®ý®ýýýiýoooooý 
123456789 10 11 12 13 14 15 16 17 18 19 20 21 22 

Sample (ml) 

Figure 5.24 - The recovery of non Soxhlet extracted "New Formula" by a4 nm mesoporous material 
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Figure 5.25 - The infrared spectrum of the methanol eluant (3`d ml) obtained for the separation of the 

non Soxhlet extracted sample of "New Formula" sample and shows an unknown component (. ) and 

silicone oil ( ). 
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Figure 5.26 - The recovery of Soxhlet extracted "New Formula" on a4 nm mesoporous material 

showing overbased sulphonate (. ) neutral sulphonate (. ) and silicone oil () 
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Figure 5.27 - The infrared spectrum of the hexane eluant (2nd m1) for the separation of the Soxhlet 

extracted "New Formula" sample. The infra red spectrum shows neutral sulphonate () and calcium 
carbonate (. ). 
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Figure 5.28 - The infrared spectrum of the methanol eluant (2"d MI) for the separation of the Soxhlet 

extracted new formula sample. The infra red spectrum shows neutral sulphonate ( ). 
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Figure 5.29 - The infrared spectrum of the extra hexane eluant obtained for the separation of the 

Soxhlet extracted "New Formula" sample. The infra red spectrum shows silicone oil (). This 

suggests the extra hexane eluant contains anti foam additive. 
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5.8.2 Summary 

5.8.2.1 Summary of the non-Soxhiet Extracted "New Formula" Lubricant 

Analysis of the separated samples of the non-Soxhiet extracted "New Formula" 

lubricant by mass recovery shows that 94.2% of the sample elutes in the hexane wash. 
Visual inspection of the infrared peaks associated with the obtained component 

suggests that this fraction contains base oil which has the characteristic spectrum 

shown previously in Figure 5.22. The methanol solution wash contains 4.3 % of the 

total mass recovery and the infrared analysis suggests that this fraction contains a 

compound that has not yet been identified and silicone oil. The unknown compound 
has infrared peaks at 678,977,1662 and 3436 cm' as shown in Figure 5.25. The 

peaks associated with 678 cm' and 977 cm' is likely to represent an alkene structure 

as peak correlation tables suggest that alkene structure have strong peaks in this 

region of 700 to 950 cm"'. However, peaks in the region of 940 to 1000 cm-1 of 

medium intensity suggest an O-H deformation of an acid bond. This assignment 

would correlate well to the broad peak at 3436 cm'' which is cited as the O-H stretch 

of alcohols and phenols that have hydrogen bonded characteristics. The final 

unknown sample peak was at 1650 cm' and these peaks are commonly cited as C=O 

bonds. (210) The unknown compound is not present in the spectra of the Soxhlet 

extracted detergent and therefore must be small enough to permeate through the 

rubber membrane in the Soxhlet extraction process and must also be sufficiently non 

polar to be soluble in the hexane that was used as the extraction solvent. The infrared 

analysis of the unknown component seems to suggest an unsaturated carboxylic acid 

or ester; such compounds are added to lubricant formulations as dispersants, 

molecules that disperse the particulates neutralised by the detergents. A group of 

compounds used as dispersants are polyisobutylene succinic esters and these materials 

contain all the relevant infrared peaks stated above and are likely to permeate through 

the soxhlet extraction rubber membrane. 

5.8.2.2 Summary of the Soxhlet Extracted "New Formula" Lubricant 

The mass recovery of the Soxhlet extracted sample of "New Formula" in the hexane 

wash accounted for 46.4% of the total sample recovered. The visual inspection of the 
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infrared spectra of the hexane fractions shown in Figure 5.27 suggest that the 

components consist of base oil and overbased sulphonate as the peak at 863 cm"' is 

indicative of calcium carbonate and peaks at 1010,1040 and 1160 cm-' which are 
indicative of sulphonate. The methanol solution wash accounts for 30.1% of the total 

recovery and was shown by visual inspection of the infrared peaks in Figure 5.28 at 
1010,1040 and 1160cm-' to contain neutral sulphonate. It is impossible to distinguish 

between the neutral sulphonate component and the neutral sulphonate that has been 

stripped from the carbonate core because the infrared characteristics are identical. 

However, the amount of detergent present in the methanol fraction is higher than the 

expected amount if column stripping was the only source of neutral sulphonate. It 

must therefore be concluded that neutral sulphonate was present as a separate additive 
in the formulation. The extra hexane wash accounts for 23.5 % of the total recovered 

amount and visual inspection of the infrared spectrum in Figure 5.29 suggested that 

silicone oil was present in this formulation. The amount of silicone oil present in this 
formulation was higher than that obtained for the other lubricant formulations of 
T40177 and T40178 suggesting that silicone oil had been added to this formulation, 

and as shown in Section 412.3 silicone oil is used as antifoam. 

5.8.2.3 Calculation of the Overbased Sulphonate Content of Soxhlet 

Extracted "New Formula" 

The infrared analysis of the peak area of the calcium carbonate core at 863 cm-1 was 

compared to calibration samples of overbased sulphonate to obtain the amount of 
overbased sulphonate present in each solvent elution. The data represents the results 
obtained for a single column elution experiment. 

Hexane wash Methanol wash Extra hexane 

wash 

Total 

Peak Area of peak 1.085 0.151 0.251 1.487 

at 863 cm-' 
Mass Equivalent 6.02 0.84 1.39 8.25 
(mg) 

Table 5.47 - Infrared analysis of calcium carbonate in the separation of "New Formula" 
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The calculation of the amount of overbased sulphonate derived from the calcium 

carbonate peak area present in a sample of "new formula was 8.25 mg. This amount 

was obtained from the 76.6 mg collected after elution and therefore shows that the 

formulation contains 10.7% calcium carbonate. 

336 



Separation of Detergents and Fully Formulated Oils Discussion 

5.9 Discussions on the Column Separation 

5.9.1 The Separation of Detergent Mixtures using Various Mesoporous 

and Silica Gel Materials. 

5.9.1.1 The Separation of Neutral from Overbased Sulphonate 

The separation data showed that detergent mixtures of neutral and overbased 
sulphonate can be successfully separated using the mesoporous material column 
packing but not by using the silica gel materials. Due to the stripping of the neutral 
component that surrounds the calcium carbonate core of the overbased sulphonate, it 
is impossible to distinguish between the true amount of neutral detergent and the 

stripped component by infrared studies without taking into account the degree of 
stripping results obtained in Section 2.3.6. The total mass recovery by weight for the 
detergent mixtures on all the columns was centred at 90 %. The remaining 10 % is 

expected to be strongly adsorbed to the column packing in the form of calcium 

carbonate, as previously shown to occur in Section 2.3.6. The infrared analysis 
tended to give a higher mass recovery than the actual weight achieved and occurs due 

to calibration errors. As the overbased detergent has been stripped of some of the 

neutral component this may increase the infrared activity of the calcium carbonate. 

5.9.1.2 The Separation of Neutral Sulphonate from Overbased Phenate 

Separation of a mixture of neutral and overbased phenate was not successfully 

achieved using any of the column packing materials and may be explained by the 

smaller size of the overbased phenate compared to the overbased sulphonate allowing 
some adsorption into the opening of the pores of the 4 nm and 6 nm materials. This 

occurred for all the attempted separations involving overbased phenate and suggests 
that the pore sizes of the mesoporous material examined are not suitable for overbased 

phenate separations. The mass recovery of the overbased phenate by infrared analysis 

suggests that the carbonate core is present in all the solvent fractions, but particularly 
high in the extra hexane wash. This suggests that some adsorption is occurring which 
is desorbed by the methanol. The detergent is not as soluble in methanol as it is in 
hexane and therefore precipitates out on the external surfaces of the material. The 
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extra hexane wash is then able to solubilise the precipitated detergent and elute it. 

The aluminium incorporated mesoporous material contains the least amount of 
detergent in the hexane wash suggesting that the aluminium has increased the 

adsorption ability of the overbased phenate by stripping the micelle. Regardless of 

the overbased phenate behaviour, the overall percentage recovery is high centred on 

recoveries of 94 % and the column that performed the best separation was the 4 nm 
hydrothermally synthesised material. 

5.9.1.3 The Separation of Neutral Phenate from Overbased Sulphonate 

The 4 nm hydrothermally synthesised mesoporous material was shown to separate a 

mixture of neutral phenate and overbased sulphonate. The other mesoporous 

materials separated a mixture of the detergents but not to the extent of the 4 nm 
hydrothermal material. The overall recoveries of this separation were varied but 

generally poor compared to the other separations and ranged from 78 % to 94 %. The 

silica gel materials did not adsorb either of the detergent components; however the 

highest recovery was achieved by these materials which showed a total mass recovery 

of 99%. This demonstrates that the detergents are not as strongly adsorbed to the 

silica gel surface as they are to the surfaces of the mesoporous materials. 

5.9.1.4 The Separation of Neutral Phenate from Overbased Phenate 

The separation of neutral phenate from overbased phenate was shown by the mass 

recovery to have been achieved with the use of the 2 nm mesoporous material. 
However the infrared analysis of the overbased phenate suggests that the amount of 

detergent recovered in the hexane only accounted for 50 % of the calcium carbonate 

with the remaining 50 % eluting in the methanol and hexane washes. This suggests 

that both neutral phenate and overbased phenate are eluting in the hexane as the 

neutral phenate is not fully retained by the pores and the overbased phenate is retained 
by the external surfaces of the material. The recovery by weight for all the fractions 

shows a total recovery of 94.5 %. The 4 nm mesoporous material did not separate the 

detergent mixture and the total recovery was slightly reduced to 83.5 %, the lowest 

recovery obtained. This is expected to be due to the larger pore volume allowing 

more detergent to adsorb, and possibly some overbased phenate pot planted at the 
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pore entrance. The silica gel materials did not separate the detergent mixture, but the 
total recovery was the highest obtained for this separation at 98.1% 

5.9.1.5 The Separation of Overbased Sulphonate from Overbased Phenate 

The separation of overbased sulphonate from overbased phenate relies on the 

adsorption of the smaller overbased phenate as shown by sorption uptake studies. 
However, heat of adsorption data has shown that phenolic components are strongly 

retained and sulphonic components are retained to a smaller degree. Previous column 

sorption studies in Section 4.8 show that the overbased phenate is retained on the 

surface of the 4 nm mesoporous material and to a greater extent in the 6 nm 

mesoporous materials. The less strongly retained overbased sulphonate eluted in the 

hexane with traces of neutral sulphonate stripped from the overbased sulphonate by 

the column packing eluting in methanol. The overbased phenate was displaced from 

the surface of the column by the methanol eluant and some of the overbased phenate 

was stripped as it passed through the column which was also displaced by the 

methanol; however the neutral phenate eluted as alkyl phenol due to the column 

reactions described in Section 2.4.7. The total mass recovery was shown to range 
between 94 and 97 % with the greatest recovery from the silica gel materials, which 
demonstrates the lack of surface adsorption between the silica gel materials and the 

overbased micelles. 

5.9.2 The Separation of Soxhlet and non Soxhlet Extracted Lubricant 

Formulations 

The fully formulated extractions contained various additives solubilised in base oil. 

Visual observation of all the Soxhlet extracted formulations revealed that the base oil 

was a clear golden brown solution. The Soxhlet extracted formulation residue 

contained different additives for each formulation, but each sample contained a 

substance that when eluted through a column appeared as a clear colourless solution 

with a distinctive sweet smell which seemed characteristic of an ester, which are 

applied to lubricants as ashless dispersants or pour point depressants. The infrared 

spectra showed that the substance had broad but weak peaks which were difficult to 

assign. The separation of the formulations showed that T40178 contained overbased 
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phenate and silicone oil, T40177 contained neutral sulphonate and silicone oil and the 
"New Formula" contained overbased sulphonate, neutral sulphonate and additional 
silicone oil. The non-Soxhlet extracted sample of "New Formula" also contained an 

unknown substance thought to be an unsaturated ester or acid. The Soxhlet extraction 

process was required for determining the content of the additives or else large 

quantities of non Soxhiet extracted sample was required to obtain significant 
detergent residues for infrared analysis. 
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6.0 Conclusions and Further Work 

This work was concerned with three important development techniques: 

The production of an analytical tool for use in the petrochemical industry as 

regards the quantitative analysis of detergent additives in lubricant 

formulations other than those known by Castrol. 

" The use of the analytical tool to determine the degradation of the detergent 

additives with engine life. 

" The use of mesoporous materials as chromatography columns 

6.1 Initial Objectives 

The first part of the research was concerned with the characterisation and properties 
of neutral and overbased sulphonate and phenate detergent additives. Castrol 

International supplied a series of detergent additives which were composed of a 
detergent and other compounds used in the formulation solubilised in base oil. The 

removal of the base oil was achieved via a Soxhlet extraction process as outlined in 

Section 2.1.1, which left the detergent solubilised in the hexane. The detergent 

samples were primarily characterised by infrared analysis as each detergent has its 

own unique spectrum and the peak assignments have been previously studied. 
The second part of the research involved synthesising a series of siliceous mesoporous 

materials with different pore sizes in the range of 2 to 10 nm for use as column 

packing in the separation of the detergent mixtures. The mesoporous materials were 

synthesised by hydrothermal and room temperature procedures as outlined in 

Section 3. The synthesised materials were characterised by x-ray diffraction and 

nitrogen surface studies to determine the pore diameter and surface area of the 

materials. However, the hydrothermal mesoporous material synthesis procedure 
involved the use of a divalent surfactant template which was not commercially 

available and therefore had to be synthesised in house. The characterisation of the 
intermediate products in the synthesis of the divalent surfactant involved analytical 
techniques, such as infrared, mass spectrometry and nuclear magnetic resonance 
spectroscopy to ensure that the compound had been successfully synthesised. 
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The detergent solutions in hexane were then exposed to the synthesised mesoporous 

materials to evaluate the amount of detergent sorbed by each mesoporous material and 
to determine which pore sizes excluded the larger overbased detergents. 

6.2 Achievement of the Initial Objectives 

6.2.1 The Preparation of Detergent Samples 

Each of the Soxhlet extracted detergent additives were shown to have been solubilised 
in base oil that was golden brown in colour and had a distinctive aromatic odour 

characteristic of a solvent neutral. The Soxhlet extracted detergent component was 
found to vary in colour and texture. The neutral sulphonate was a black waxy solid 

whereas the overbased sulphonate was a crystalline brown powder which when 

crushed in a mortar and pestle became a light brown powder. The neutral and 

overbased phenate detergents were green crystalline powders which became a slightly 
lighter shade of green when crushed in a mortar and pestle. The amount of each solid 

detergent component recovered from Soxhlet extraction was about 50 % of the total 

additive. 

6.2.2 The Characterisation of Detergent Samples 

The use of infrared spectrometry proved to be a simple and rapid technique in the 

characterisation of the detergent samples as the method was able to show the 

distinctive infrared bands associated with the molecules. The infrared spectra of the 

neutral and overbased sulphonate where shown in Section 2.4.3 to have identical 

infrared peaks except that the overbased sulphonate had two distinguishing features, a 

very broad band between 1400 and 1650 cm-1 and a band at 863 cm-1 which arise due 

to calcium carbonate present in the overbased core. The neutral and overbased 

phenate also had identical infrared peaks apart from the overbased phenate which 

possessed the previously stated peaks for the calcium carbonate core. The elemental 

composition of the detergents was determined qualitatively by EDX studies and 

showed that each detergent contained calcium, oxygen and sulphur. The calcium was 

indicative of the calcium carbonate core of the overbased detergents and the 

counterbalancing calcium cation of the neutral detergents. The sulphur arose from the 
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sulphonate group of the sulphonate detergents and from the sulphur bridge present in 

the phenate detergents. The overbased sulphonate and overbased phenate detergents 

were analysed by dynamic light studies and the overbased sulphonate was shown to 
have hydrodynamic radii at 7.4 nm and 2.6 nm for the overbased phenate. 

6.2.3 Synthesis of Mesoporous Materials 

6.2.3.1 Divalent Surfactant Synthesis 

The synthesis of the divalent surfactant was a multi stage process that required 

characterisation of every intermediate product. The use of infrared analysis, mass 

spectrometry and of nuclear magnetic resonance spectroscopy for such 

characterisations proved invaluable in checking the progress of the derived synthesis 
method and showed that the synthesis had indeed produced the required divalent 

surfactant product. 

6.2.3.2 Hydrothermal Mesoporous Material Synthesis 

The range of pore sizes obtained in the synthesis of the mesoporous materials using 
the hydrothermal method varied depending on the template surfactant used. The 2 nm 

mesoporous material was synthesised without a divalent surfactant present and 

produced the smallest pore diameter, the divalent surfactant was used to successfully 

produce the 4 nm and 6 mn materials but an auxiliary swelling agent, 
trimethylbenzene, was required in addition to produce the 6 nm mesoporous material. 
It is more expensive to synthesise a mesoporous material by the hydrothermal method 

than it is to synthesise a material by a room temperature method for two main reasons. 
These are: - 1) The hydrothermal method required a divalent surfactant which was 

expensive to make, and most of the cost arose from the purchase of dimethylamine. 

2) Heating energy is required to form the mesoporous material in the hydrothermal 

method. 
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6.2.3.3 Room Temperature Mesoporous Material Synthesis 

The room temperature synthesis method involved the addition of ammonium solution 
to a reaction mixture containing a template surfactant in water and a silicate source. 
The room temperature synthesis has the advantage of quicker synthesis times and 

cheaper reactant costs than the hydrothermal method, however the pores are smaller. 

6.2.3.4 Characterisation of the Mesoporous Materials 

X-ray diffraction played a key role in determining the d-spacing of the mesoporous 

materials as this gave an indication of the pore diameter combined with the space 
between the pores known as the pore wall. Nitrogen BJH studies determined the pore 
diameter and therefore the pore wall could be determined from subtraction of the pore 
diameter found by BJH from the d-spacing value. 

Infrared studies showed little information on the mesoporous materials as all the 

synthesised samples had the same spectra. However these spectra did clarify that a 

silicate material was present. The infrared spectra of the mesoporous materials before 

and after calcination did show that the organic template had been removed as the 

organic peaks in the spectrum were not present in the spectrum of the calcined 

sample. 

The nitrogen BET studies where used to determine the surface areas of the 

mesoporous materials and this research showed that the hydrothermal synthesis 

method produced materials with surface area lower than literature values. However 

the room temperature synthesised materials had surface areas in agreement with the 

literature values. 

6.2.3.5 The Ability of Mesoporous and Silica Gel Materials for Adsorption 

of the Detergent Additives 

It was expected that the neutral detergents were small enough to be adsorbed in the 

pores of the mesoporous materials whereas the overbased detergents were expected 

not to adsorb in the pores as the diameter of the micelle would be greater than the 
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pore size of the synthesised materials except for the overbased phenate which may 
partially adsorb in the 6 nm mesoporous material. Generally the detergents examined 
did follow these trends. 

The ability of the mesoporous materials for neutral detergent sorption tended to 
follow the trend of worst to best adsorption material as; 

2nm Hydro<4 nm RT <4nm Hydro<6nm Hydro< 4nm Mobil material 
This suggests that whilst pore size can account for the adsorption ability it is not 

solely responsible as the Mobil material adsorbed more neutral detergent than any of 
the 4 nm materials and even more than the 6 nm material. This was due to the 
incorporation of aluminium in the framework of the material which increases surface 

adsorption capabilities. The neutral phenate tended to react with the surfaces of the 

column packing material in a reaction that converted neutral phenate to alkyl phenol 
in the presence of a polar solvent such as methanol. 
The overbased sulphonate did not adsorb within the pores of the mesoporous 

materials, however, a certain amount of neutral sulphonate is removed from the 

carbonate core as the detergent elutes through a column. This was expected to have 

occurred due to interactions with the surfaces of the silicate structures. The overbased 

phenate was also stripped of the neutral phenate surfactant that surrounded the 

carbonate core, however the overbased phenate was also shown to partially adsorb in 

the 6 nm mesoporous material suggesting that the size distribution of the micelle 

partially overlapped with the pore size distribution of the material. 

The silica gel size exclusion materials did not adsorb any of the detergent samples 

with the exception of some external surface interactions; however, these materials did 

allow the reaction of neutral phenate to alkyl phenol in the presence of methanol 

suggesting that the silica surfaces induce this reaction. 

The gas chromatographic studies to determine the heats of adsorption of aniline, 
dodecane, dodecylbenzene and dodecyl benzene sulphonic acid showed that the 

mesoporous materials retained these molecules. The dodecyl benzene sulphonic acid 

eluted as four isomeric peaks on both the mesoporous material and silica gel columns. 
The separation factors of the isomeric peaks varied little between the mesoporous and 

silica gel materials; however the peaks on the silica gel materials were less defined 

than the peaks obtained for the mesoporous materials suggesting that the resolution 

345 



Conclusions and Further Work Conclusions 

was better for mesoporous material columns. The actual resolution was not calculated 
as only retention time was obtained from the chromatogram of the samples. 
The heats of adsorption also showed that molecules such as phenol or alkyl phenol 
have a high affinity for the surface of the silicate materials as no peak was detected 

after an elution time of 60 minutes from injection. This may have been due to very 
high sorption, or that the sample eluted off of the column slowly over a period of time 

and was therefore not integrated by the gas chromatograph. 
Finally, the heats of adsorption data also showed that increasing the alkyl chain length 

of the substrate increase the adsorption to the silicate surface. This was due to more 
interaction sites available on the hydrocarbon chain for adsorption to the silicate 
surface. 

6.2.3.6 The ability of the Mesoporous Materials to Separate the Detergent 

Mixtures 

The neutral detergents were always adsorbed within the pores of the mesoporous 

materials and desorbed by application of a polar solvent, such as methanol. Similarly, 

the overbased detergents always eluted in the initial hexane wash, however some of 

the neutral component was stripped from the carbonate core of the overbased micelle 

and eluted in the methanol fraction. The pore size of the mesoporous material 
determined to what extent the neutral detergent adsorbed. The 2 nm material for 

example did not always retain the entire neutral detergent sample applied to the 

column with some of the neutral component eluting in the hexane. This could be 

overcome by using a longer column; however, a consequence of this would be that a 

greater amount of neutral sulphonate would be stripped from the calcium carbonate 

core of the overbased sulphonate. Therefore a suitable column to separate a neutral 
from overbased detergent requires the greatest amount of adsorption of the neutral 

component in the least amount of packing, so that there is the least amount of 

overbased detergent stripping. No single material could perform to such criteria for 

all of the detergent mixtures applied and therefore the pores size of the material 

needed to be optimised in order to perform different separations. The results suggest 
that the neutral and overbased sulphonate may be separated by all the 4 nm and the 6 

nm materials with the best separation occurring on the 6 nm mesoporous materials, 
due to the large pore volume available to adsorb the neutral component. The 
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overbased sulphonate was too large to enter the pores and eluted through the column 
weakly adsorbing to the external surfaces by electrostatic attraction or hydrogen 
bonding. The 4 nm Mobil material also performed well but demonstrates the 

stripping effect of aluminium in the framework. The neutral and overbased phenate 
detergents were not fully separated by the columns examined as the overbased 

phenate is small enough to partially adsorb within the 4 nm and 6 nm materials, and a 
2 nm pore was not large enough to adsorb all of the neutral phenate exposed to it. 

The silica gel materials did not separate the detergent mixtures under the conditions of 

the experiment. 

6.2.4 Micelle Equilibrium Studies 

The tritiation of the neutral sulphonate chain allowed an investigation of the 

equilibrium established when the neutral sulphonate was mixed with a solution of 

overbased sulphonate. If a dynamic equilibrium was occurring, then a neutral 

sulphonate chain on the overbased sulphonate carbonate core would be expected to 

leave the carbonate core and be replaced by a tritiated neutral sulphonate. Separation 

of the detergent samples by a mesoporous material column allowed the overbased 

sulphonate to elute in the hexane wash and the tritiated neutral component in the 

methanol wash. Liquid scintillation counting of the collected solvent fractions 

detected tritium present in the hexane wash which must be due to neutral sulphonate 

exchange with the overbased sulphonate. The experiment carried out in this research 

showed that increasing amounts of tritium were detected in the hexane fractions 

collected after equilibration of solutions containing increasing concentrations of 

overbased sulphonate in contact with a specific amount of tritiated neutral sulphonate. 

This suggested that there was an exchange of the neutral component with the 

carbonate core of the overbased sulphonate micelle. 
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6.3 Further Work 

6.3.1 Mesoporous Material Synthesis 

There is a need to eliminate the effect of using a different batch of mesoporous 
material as column packing for each sorption experiment. Synthesising large batches 

of mesoporous material would not only allow the assessment of a single batch of 
mesoporous material for the sorption of each detergent, but also allows a comparison 

of the different batches for detergent sorption. This is particularly important in 

industrial applications where the column packing materials need to give exceptionally 
consistent results in the analytical technique applied. 

It has been shown that for this investigation, aluminosilicate materials have greater 
sorption abilities than the siliceous materials and investigating the sorption of the 

neutral detergents on mesoporous materials that have been synthesised with different 

amounts of aluminium in the framework may produce a column that adsorbs the 

optimum amount of neutral detergents. 

Silanation of the siliceous mesoporous material would remove the surface silanol 

groups present and if it is these groups which induce the neutral phenate to form alkyl 

phenol, then removing them would clarify the source of reaction. Silanation may also 

affect the adsorption behaviour of the detergents as the hydrophilic nature of the 

material is reduced on silanation and becomes hydrophobic. It is thought that the heat 

of adsorption of the detergents would be reduced on silination of the surfaces of the 

mesoporous materials and therefore reduce the amount of neutral component stripped 
from the overbased core. 

It has been shown that none of the columns successfully separated a mixture of 

neutral and overbased phenate due to partial adsorption of the overbased micelle in 

the mesopores of the 4 nm and 6 nm materials and by the neutral phenate not 

completely adsorbing on a2 nm material at the concentrations of detergents used in 

the experiment. Synthesis of a mesoporous material with a3 nm pore may 

successfully separate the previously stated mixture. 
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6.3.2 Micelle Equilibrium Studies by Radio Labelling 

The micelle equilibrium studies demonstrated that a tritiated neutral sulphonate may 
be found in the hexane fraction on elution suggesting that it is present on the 

overbased sulphonate micelle and that exchange has occurred. A suitable 
investigation taking this research further would be to tritiate the neutral component of 

an overbased sulphonate sample and equilibrate with a solution of neutral sulphonate 

to see if the amounts of radioactivity in the methanol wash have increased (after 

taking into account the additional amount of neutral present due to stripping by the 

column). It would also be useful to examine the equilibrium between an overbased 

phenate and a tritiated neutral phenate. It would be expected that the amount of 

exchange would be significantly greater than the neutral sulphonate as the neutral 

phenate is a bidentate structure with a shorter alkyl aryl chain length. This amounts to 

less chain interaction between phenate on the overbased core which may be removed 

more easily than an equivalent neutral sulphonate on an overbased sulphonate core. 
Finally, studies on the equilibrium set up in mixed additive solutions may prove 

valuable, such as determining whether a neutral sulphonate will aggregate or 

exchange with the overbased phenate micelle or a neutral phenate aggregate or 

exchange on the overbased sulphonate micelle. 

6.4 Concluding Statement 

The mesoporous materials effectively separated a sample of neutral and overbased 

sulphonate, however the equivalent phenate separation was not as successful due to 1) 

the deterioration of the neutral phenate on column to alkyl phenol, 2) the size of the 

overbased phenate allowed it to enter the pores of the 4 nm and 6 nm mesoporous 

materials and 3) the neutral phenate was not completely adsorbed by the 2 nm 

material. These combined finding meant that none of the columns effected a full 

separation although reducing the concentration of neutral phenate through a2 nm 

column may lead to a suitable separation column. Finally, it has been shown that the 

silica gel size exclusion materials are not suitable for the separation of detergent 

mixtures as no adsorption of the neutral component occurs under the conditions of the 

experiment; however these materials do help to purify all the detergent samples by 

removing silicone oils. 
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