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Abstract 
The micellar self-assembly behaviour of a near-monodisperse linear poly(styrene-b-hydrogenated isoprene) 

(PS-PEP) diblock copolymer is examined in n-alkanes. Direct dissolution leads to formation of polydisperse 

colloidal aggregates that are kinetically frozen artefacts of the solid-state morphology. Dynamic light scattering 

(DLS) and transmission electron microscopy (TEM) studies indicate that heating such copolymer dispersions 

up to 90 - 110oC gives well-defined spherical micelles that persist on cooling to 20oC. These observations are 

also consistent with small-angle X-ray scattering (SAXS) studies, which indicate the formation of star-like 

micelles in n-heptane and n-dodecane following a thermal cycle. Variable temperature 1H NMR studies in 

deuterated n-alkanes confirm partial solvation of the polystyrene micelle cores occurs on heating. Increased 

mobility of the core-forming polystyrene chains is consistent with the evolution in morphology via exchange of 

individual copolymer chains, as observed by DLS. Adsorption of this diblock copolymer onto a model colloidal 

substrate (carbon black) has been investigated using X-ray photoelectron spectroscopy (XPS). A Langmuir-

type adsorption isotherm has been constructed using a supernatant depletion assay based on the aromatic 

chromophore in the polystyrene block. Comparable results were obtained using thermogravimetric analysis 

(TGA) to directly determine adsorbed amounts. Based on maximum adsorbed amounts at 20oC, these studies 

strongly suggest that individual copolymer chains adsorb onto carbon black from chloroform (a non-selective 

solvent), whereas micellar adsorption occurs from n-alkanes. This is important, because such copolymers are 

used as soot dispersants for engine oils. 
 

A near-monodisperse PS-PEP star diblock copolymer is examined in n-alkanes. Variable temperature 1H NMR 

studies using deuterated n-dodecane confirm that the outer polystyrene blocks are only partially solvated at 

25oC, and solvation remains essentially constant on heating to 100oC. Physical adsorption of this copolymer 

onto carbon black is examined, with particular attention being paid to the effect of copolymer concentration on 

colloidal stability. Isotherms are constructed for copolymer adsorption onto carbon black at 20oC using a 

supernatant depletion assay based on UV spectroscopy analysis of the polystyrene aromatic chromophore. In 

addition, TGA is used to directly determine the amount of adsorbed copolymer on carbon black. Analytical 

centrifugation, optical microscopy (OM) and TEM studies indicate that the star copolymer acts as a flocculant 

for the carbon black particles at low concentration, with steric stabilisation observed above a certain solvent-

dependent critical copolymer concentration. This is attributed to the spatial location of the polystyrene block, 

which enables copolymer adsorption onto multiple carbon black particles at low coverage, whereas all 

polystyrene ‘stickers’ adsorb onto single carbon black particles at high coverage, leading to steric stabilisation. 

SAXS is used to characterise copolymer-coated carbon black particles, providing complementary insights 

regarding changes in the fractal morphology that occur with increasing copolymer concentration. Moreover, 

SAXS also provided direct evidence for the presence of the copolymer chains at the particle surface. 
 

The effect of copolymer composition on both micelle diameter and dispersant performance (for carbon black 

particles) has been assessed for PS-PEP and poly(styrene-b-hydrogenated butadiene) diblock copolymers in n-

dodecane. Direct dissolution at 20oC produces kinetically-frozen polydisperse aggregates, and higher 

polystyrene contents accentuate such an effect. Heating to 110oC produces relatively small, well-defined 

spherical micelles that persist on cooling to 20oC. Physical adsorption of these diblock copolymer micelles onto 

carbon black has been investigated by constructing Langmuir-type adsorption isotherms based on UV 

spectroscopy, which were also supported by TGA. Stokes’ law is used to calculate particle velocities in two 

very similar solvents (n-dodecane and d26-dodecane). Although each copolymer forms micelles with similar 

DLS and SAXS diameters, subtly different effective densities (0.92-1.02 g cm-3) are observed for the micelle-

stabilised carbon black particles, which are substantially lower than the solid-state density of carbon black 

(1.89 g cm-3). Since the rate of sedimentation of sterically-stabilised carbon black particles depends on the 

density difference between the particles and the solvent, significant errors can be incurred in analytical 

centrifugation studies unless care is taken to determine accurate effective particle densities. 
 

Finally, the carbon black used in this project is assessed for its suitability as a mimic for diesel soot. Particle 

size, morphology, density and surface composition are assessed using BET surface area analysis, TEM, helium 

pycnometry and XPS. The extent of adsorption of a poly(ethylene-co-propylene) (dOCP) statistical copolymer 

or a PS-PEP diblock copolymer onto these two substrates is compared indirectly using a supernatant depletion 

assay based on UV spectroscopy. TGA is also used to directly determine the extent of copolymer adsorption. 

Degrees of dispersion are examined using OM, TEM and analytical centrifugation. SAXS reveals some 

structural organisation differences between carbon black and diesel soot particles: for example, the mean radius 

of gyration for soot is significantly smaller. Soot particle suspensions in n-dodecane comprise relatively loose 

mass fractals compared to the corresponding carbon black suspensions. SAXS also provides evidence for 

copolymer adsorption and indicates that addition of either copolymer transforms the initially compact 

agglomerates into relatively loose aggregates, while the primary particles remain unchanged. It is believed that 

this is also the case for diesel soot. In favourable cases, similar experimental data is obtained for carbon black 

and diesel soot with both copolymer dispersants. However, it is not difficult to identify certain copolymer-

particle-solvent combinations for which substantial differences can be observed. Such observations are most 

likely the result of dissimilar surface chemistries, which can have a profound effect on the colloidal stability. 
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1.1 Polymers 

 

A polymer or macromolecule comprises long chains made up of individual repeat units 

covalently bonded together. Such chains are constructed via polymerisation, which is 

the process by which small molecule monomer units are linked together. This is the 

basis of a diverse sector of materials science, with polymers being used for polyethylene 

plastic bags,1 flexible plastic bottles,2 hydrogel contact lenses,3 stimulus responsive or 

‘smart’ polymers for use in biotechnology and medicine,4 poly(vinyl chloride) pipes,5 

insulation for electric cables,6 photovoltaic elements in solar cells,7 dental filling 

materials,8 polyester fibres for clothing applications9 and poly(ethylene-co-propylene) 

dispersant additives in engine oils.10, 11, 12  

 

 

 

 

1.1.1 Polymer architectures 

 

Polymers can be either linear or non-linear. There are four types of linear polymers, 

namely homopolymers, alternating copolymers, block copolymers and statistical 

copolymers. Non-linear polymers can be divided into four main categories; branched 

polymers, graft copolymers, star polymers and cross-linked gels (not covered here), see 

Figure 1.1. 
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Figure 1.1. Schematic representation of the main types of linear and non-linear soluble 

polymer architectures, where A and B denote different monomer units.  

 

 

1.1.2 Nomenclature 

 

Homopolymers are known as polyA or poly(A), alternating copolymers as poly(A-alt-

B), block copolymers as poly(A-b-B) and statistical copolymers as poly(A-stat-B). 

Finally, graft copolymers are denoted as poly(A-g-B). Diblock copolymers and star 

copolymers (made from cross-linked block copolymers) are of particular relevance to 

this thesis. 

 

Stereochemistry must also be taken into account, as this can lead to different physical 

and chemical properties. Three main categories exist for vinyl polymers, namely 

isotactic (‘R’ groups point in one direction), syndiotactic (alternating ‘R’ groups) and 

atactic (random distribution of ‘R’ groups), see Figure 1.2. 
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Figure 1.2. The three types of stereochemistry that are typical of linear vinyl polymers. 

 

1.1.3 Polymer characterisation 

 

Synthetic polymers are generally polydisperse, i.e. they exhibit no unique molecular 

weight. An ideal polymer would comprise identical chains and so have a single 

molecular weight, but in practice a molecular weight distribution (MWD) is always 

observed. There are three important moments on the MWD curve, corresponding to 

number-average (Mn), weight-average (Mw) and z-average (Mz) molecular weight. 

These are illustrated graphically in Figure 1.3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. Schematic representation of the three most important moments of molecular 

weight: number-average (Mn), weight-average (Mw) and z-average (Mz). 

The equations for calculating each of these molecular weights are detailed below. 
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                                                                                                                                    (1) 

 

 

                                                                                                                                    (2) 

 

 

                                                                                                                                     (3) 

 

 

Here n is number of chains of molecular weight M. Mn is biased towards low molecular 

weight species, whilst Mw is biased towards high molecular weight species. In practice, 

Mz is rarely used. It is important to note that by definition Mn ˂ Mw ˂ Mz for all 

polymers. From the first two values, a polydispersity index (PDI) can be calculated for a 

specific molecular weight distribution, where PDI is defined as Mw/Mn. Furthermore, 

the degree of polymerisation (Dp) can also be defined, see equation 4. 

 

Dp =
Mn

Molecular weight of monomer
                                              (4) 

 

If the Dp is less than ten, then the chains are known as oligomers, rather than polymers. 

 

Various experimental techniques can be used to determine polymer molecular weights. 

Chemical methods generally rely on end-group analysis, and include UV spectroscopy, 

Fourier transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance 

(NMR) spectroscopy. Equation 5 shows how such methods can yield Mn. 

 

Mn =
Polymer concentration

End ̶group concentration
                                                (5) 

 

Furthermore, scattering can be used to interrogate dilute polymer solutions, where 

polymer chains are assumed to behave as random coils. Here the scattering intensity is 
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proportional to the square of the particle mass; hence giving Mw. Static light scattering, 

neutron scattering and X-ray scattering can all be used to determine this parameter. 

 

The most convenient method for polymer molecular weight characterisation is gel 

permeation chromatography (GPC). A dilute polymer solution is pumped through a 

column packed with microporous gel beads, and fractionation occurs as low molecular 

weight polymer chains get trapped within the pores for a characteristic residence time. 

This method gives the whole molecular weight distribution curve. The main 

disadvantage is that calibration is required using near-monodisperse standards. These 

standards are expensive and often not available for the polymer of interest. Hence in 

many cases GPC only reports relative Mn values. 

 

 

 

1.1.4 Methods of polymerisation 

 

In 1929, Carothers distinguished between polymers on the basis of their chemical 

composition.13 Two main categories were identified, namely condensation and addition 

polymers. Today, polymers are distinguished on the basis of their polymerisation 

mechanism, where, broadly speaking, ‘step’ polymerisation = condensation and ‘chain’ 

polymerisation = addition. In general, step polymerisations produce heteroatom polymer 

backbones, while chain polymerisations produce homoatom backbones. Figure 1.4 

shows three examples for each of these polymerisation mechanisms. 
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Figure 1.4. Reaction schemes depicting three examples of chain and step 

polymerisation. No condensate is formed in reaction (c). 

 

 

Reaction scheme (f) shows a typical ring-opening polymerisation. It is important to note 

that, although this is a chain reaction, such polymerisations form a heteroatom 

backbone. 

 

 

Step polymerisation 

 

Step polymerisations fall into two categories, depending on the type of monomers used. 

The first category involves two different bifunctional (or polyfunctional) monomers in 

which each monomer possesses only one type of functional group. The second category 

involves a single monomer containing two different functional groups, see Figure 1.5.14 
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Figure 1.5. The two categories of step polymerisation (i) and (ii), where A and B 

represent two different functional groups.14 

 

The synthesis of polyamides may involve either type of step polymerisation. 

Polyamides can be obtained from the reaction of di amines with di acids or from the 

reaction of amino acids with themselves. The synthesis of polymers with sufficiently 

high molecular weight using step polymerisation is generally rather more difficult than 

the corresponding small molecule reaction, since very high conversions (>98–99%) are 

required. Thus, a favourable equilibrium and the absence of cyclisation or other side 

reactions are desirable for such polymerisations. Finally, for case (i) in Figure 1.5, the A 

and B functional groups must be used in precisely stoichiometric amounts to achieve 

high molecular weight polymers.14 

 

Free radical polymerisation 

 

Free radical polymerisation of unsaturated vinyl monomers is the most widely used 

form of chain polymerisation.15 Four distinct steps define such a polymerisation, as 

highlighted in Figure 1.6. Firstly, primary free radicals are generated (R•), usually via 

heat or the application of ultra-violet radiation to an initiator (I). Homolytic dissociation 

gives two radicals (where kd is the first-order rate constant for dissociation), then 

initiation occurs when a free radical reacts with a monomer unit (Figure 1.6 (b)), thus 

forming a chain-initiating radical (R-M1•), where ki is the rate constant for initiation. 

Propagation then proceeds via rapid sequential addition of monomer units at a rate 

constant kp. Several thousand monomers can be added within a few seconds here.15 

Termination is the final step, where radicals are eliminated via combination (rate 

constant ktc) or disproportionation (rate constant ktd), see Figure 1.6. 
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Figure 1.6. The four steps involved in free radical polymerisation: (a) is the relatively 

slow decomposition of initiator to form free radicals; (b) is the initiation step; (c) is 

propagation of the growing chain; (d) is termination (by either combination or 

disproportionation). 

 

 

Anionic polymerisation 

 

Many different copolymer architectures are now accessible via anionic polymerisation 

chemistry, including homopolymers,16, 17 macromonomers,18, 19 statistical copolymers,20, 

21, 22 block copolymers,23, 24, 25 graft copolymers26 and star copolymers.27, 28, 29 Anionic 

polymerisation is a type of chain polymerisation that enables excellent control over the 

molecular weight distribution compared to free radical polymerisation.30 Anionic 

polymerisation has so-called ‘living’ character: the evolution of molecular weight is 

proportional to monomer conversion and there is no intrinsic termination because 

polymeric anions are mutually repulsive and hence cannot react with each other. Thus 

sequential addition of a second monomer B after complete polymerisation of monomer 

A leads to the formation of well-defined AB diblock copolymers with low 

polydispersities (Mw/Mn < 1.10-1.20). Anionic polymerisation can be initiated using 

alkali metals, with an early literature example being the polymerisation of isoprene 

using sodium or potassium.31 However, organolithium initiators are more commonly 

used today.32, 33 For example, sec-butyllithium reacts with styrene to afford an anionic 
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monomer-initiator adduct, see Figure 1.7. This species immediately reacts with further 

styrene to produce a propagating anionic polymer chain via exclusively head-to-tail 

addition. The polymerisation continues until all monomer in solution has been used up, 

producing linear polymer chains with similar degrees of polymerisation. At the end of 

the reaction, a protic solvent such as methanol can be introduced to terminate the 

polymerisation, if desired. The synthesis of linear poly(styrene-b-hydrogenated 

isoprene) by anionic polymerisation, including catalytic hydrogenation of the 

polyisoprene block, is shown in Figure 1.8. Such commercially available diblock 

copolymers are examined in this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Anionic polymerisation of styrene using sec-butyllithium initiator followed 

by termination of the living polystyryl anion via methanol addition. 
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Figure 1.8. Synthesis of poly(styrene-b-hydrogenated isoprene) linear diblock 

copolymer via living anionic polymerisation, followed by catalytic hydrogenation of the 

pendent vinyl groups in the polyisoprene block.34 

 

 

In addition to linear diblock copolymers, non-linear star polymers can also be prepared 

by anionic polymerisation. For example, poly(styrene-b-hydrogenated isoprene) star 

copolymers can be synthesised via the ‘arm first’ approach: linear polystyrene chains 

are prepared first, followed by chain extension with isoprene, then DVB cross-linking to 

form the unsaturated star diblock precursor and finally catalytic hydrogenation to 

produce the final saturated star diblock copolymer (see Figure 1.9).35 
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Figure 1.9. Mechanism for the synthesis of poly(styrene-b-hydrogenated isoprene) star 

diblock copolymer via the ‘arm first’ approach: styrene is polymerised first, followed by  

isoprene, then cross-linking with divinylbenzene and finally catalytic hydrogenation.35 
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Engine oil additive polymerisation 

 

Focusing on polymeric engine oil additives, diblock copolymers are synthesised using 

anionic polymerisation. Poly(styrene-maleic anhydride) viscosity index improvers and 

pour point depressant additives use free radical alternating copolymerisation,36, 37 while 

poly(isobutylsuccinic anhydride) (PIBSA) detergent additives use cationic 

polymerisation.38 Poly(styrene-b-hydrogenated isoprene) linear and star copolymers are 

synthesised using living anionic polymerisation, as are dispersant olefin copolymers 

(OCPs).35, 39, 40 

 

1.2 Colloidal Dispersions 

A colloidal dispersion comprises a suspension of insoluble particles in a continuous 

phase, with at least one dimension in the 1 nm to 1 μm range.41 It is well-documented 

that polymers that are soluble in the continuous phase can influence the stability of 

colloidal dispersions via four different mechanisms: steric stabilisation, bridging 

flocculation, depletion stabilisation and depletion flocculation.42 43, 44, 45, 46, 47, 48, 49, 50, 51, 

52, 53 The dominant mechanism depends both on the system and on the polymer 

concentration. For example, steric stabilisation and depletion effects are usually 

observed at higher polymer concentrations,20, 52, 54 whilst bridging flocculation is 

normally associated with a relatively low polymer concentration. Bridging flocculation 

and steric stabilisation are particularly pertinent to the work presented in this thesis. 

1.2.1 Polymer Adsorption  

 

There are two main types of polymer adsorption. Physisorption is the interaction of the 

adsorbate with the interface via interactions such as van der Waals forces and hydrogen 

bonding. Chemisorption is when the polymer becomes chemically bonded to the 

substrate surface. For homopolymers in solution, or indeed an AB diblock copolymer in 

a non-selective solvent, adsorption of individual copolymer chains will occur. Four 

main features characterise such adsorption; loops, trains, tails and bridges.55 Tails are 

non-adsorbed polymer chain-ends, trains are sections of the polymer chain that are in 

direct contact with the surface, loops connect trains and have no physical contact with 

the surface, and bridges exist between particles (and lead to bridging flocculation). The 

mode and strength of adsorption can be assessed via the bound fraction (p). A low 
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bound fraction indicates weak adsorption with loops, bridges and tails, while a high 

bound fraction indicates adsorption of train segments.56 The bound fraction can be 

determined via NMR spectroscopy based on the chain mobility in solution.56 Infrared 

spectroscopy can also be used, with a shift in frequency indicating whether polymer 

segments are in a bound or un-bound state.57 

 

1.2.2 Adsorption Isotherms 

 

 

An adsorption isotherm is a useful way of quantifying the adsorbed amount of a 

polymer on a surface. Such an isotherm is generally a plot of the adsorbed amount of 

polymer (Г) versus the equilibrium concentration of polymer remaining in solution after 

adsorption (Ceq). The point at which a typical adsorption isotherm reaches a plateau 

depends on a number of parameters. The available substrate surface area, molecular 

weight of polymeric adsorbate, polymer solvency and polymer composition must all be 

considered.58, 59 For Langmuir adsorption (as found in this thesis), the adsorbed amount 

is calculated using equation 6: 

 

Г =
𝑞𝑚𝐾𝑎𝐶𝑒𝑞
1 + 𝐾𝑎𝐶𝑒𝑞

                                                        (6) 

 

Here Г is the adsorbed amount (mg m-2), qm is the monolayer capacity, Ka is the 

equilibrium constant and Ceq is the equilibrium adsorbate concentration.60, 61 The surface 

area of the substrate for adsorption must be known (in order to calculate the monolayer 

capacity, qm), and the amount of adsorbate both initially added and remaining in 

solution following adsorption must also be known. Two Langmuir-like high affinity 

isotherms are shown in Figure 1.10 for PEO physically adsorbed onto silica and onto 

polystyrene latex in water, with the plateau region indicating monolayer coverage.62 
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Figure 1.10. Adsorption isotherms for PEO physically adsorbed onto silica (circles) and 

onto polystyrene latex (squares) in water.62 

 

It is often difficult to precisely determine the adsorbed amount of polymer at monolayer 

coverage using such a non-linear form of the isotherm. Plotting the Langmuir equation 6 

in its linear form, see equation 7, enables an accurate monolayer capacity (qm) to be 

determined from the gradient of the slope. A plot of Ceq/Г versus Ceq gives a straight 

line.61 

 

𝐶𝑒𝑞
Г

=
1

𝑞𝑚
𝐶𝑒𝑞 +

1

𝐾𝑎𝑞𝑚
                                                     (7) 

 

It is common to determine the adsorbed amount using an indirect approach. This 

involves determining polymer concentration in the continuous phase before and after 

adsorption. The adsorbed amount can then be calculated by difference. Centrifugation 

can be used to separate the colloidal substrate from the excess polymer. The polymer 

concentration in the supernatant can then be determined provided there is a convenient 
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spectroscopic handle to assess the polymer remaining in the continuous phase after 

adsorption. IR spectroscopy can be used,63 but UV spectroscopy can be more 

convenient and more sensitive.64 For example, a polystyrene-based copolymer can be 

quantified by using the UV aromatic chromophore at 262 nm. Such a method is suitable 

for monitoring the adsorption of such a polymer onto the surface of carbon black in n-

alkanes.65 The general protocol used for the adsorption isotherm studies conducted in 

this thesis is detailed in Figure 1.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Protocol used to determine the adsorbed amount of copolymer on carbon 

black particles via a UV supernatant depletion assay, as used in this thesis. 

 

It is essential to dilute the n-alkane supernatant with chloroform when studying the 

adsorption of polystyrene-core diblock copolymer micelles. Unlike n-alkanes, 

chloroform is a good solvent for polystyrene, which leads to dissociation of the micelles 

to produce molecularly-dissolved copolymer chains. This is important, because 

otherwise the micelles scatter the UV radiation, causing systematic errors in the 

supernatant assay. 
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1.3 Effect of polymers on colloidal stability of particles 

 

Steric stabilisation is an important, generic and highly versatile colloidal stabilisation 

mechanism that is applicable for both aqueous and non-aqueous dispersions.52 It has 

been widely used for many applications, including the preparation of inks,66 latex 

paints67 and coatings,68 the efficient dispersion of diesel soot in engine oils,34 and for the 

preparation of electrically conducting polypyrrole particles.69 The appropriate design of 

effective steric stabilisers requires an understanding of the interaction of the polymeric 

stabiliser with the particle surface, the continuous phase, and also the conformation that 

the adsorbed polymer chain adopts at the solid/liquid interface.50, 54 In particular, the 

polymeric stabiliser should be strongly adsorbed, provide high coverage of the particles 

and form a thick, well-solvated steric barrier in order to offset the ever-present attractive 

van der Waals forces operating between colloidal particles. 

 

Ruehrwein and Ward first proposed the principle of bridging flocculation in 1952.42 

This phenomenon is now widely used for papermaking,70 water treatment,71 industrial 

effluent treatment,72 and in the mining industry73 to obtain efficient solid–liquid 

separations.74 High molecular weight polymers are known to be particularly efficient 

bridging flocculants.75 If the dimensions of the polymer chains are sufficiently large, 

then adsorption of such chains onto two or more particles can occur simultaneously, 

such bridging leads to particle aggregation, with strong kinetic effects being well-

documented.48, 76, 77 Specific interactions such as hydrogen bonding have been 

demonstrated to enhance the extent of bridging flocculation.78, 79 It is also well-

documented that initial bridging flocculation can be replaced by steric stabilisation at 

higher polymer concentrations.80, 81  

 

There are numerous reports of bridging flocculation in the literature that are based on 

high molecular weight water-soluble polymers, for example the addition of 

poly(ethylene oxide) or polyacrylamide or poly(N-vinylpyrrolidone) to either silica sols 

or polystyrene latex in aqueous solution.45, 79, 82, 83 However, there appear to be rather 

few studies of bridging flocculation in non-aqueous media.84, 85 This subject is 

discussed in Chapter 3 of this thesis. 
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Depletion stabilisation arises from the exclusion depletion of free polymer between the 

surfaces of colloidal particles in solution when in close proximity. Closer approach of 

the particles can only be achieved by further depletion of the segment concentration 

between the particles, and in a good solvent for the polymer, this is energetically 

unfavourable.51, 86, 87 Hence, the colloidal particles remain stable in solution without any 

direct interaction with the polymer in solution. 

 

Depletion flocculation was first reported by Asakura and Oosawa in 1958.88 The 

existence of a ‘depletion zone’ next to a surface in contact with a solution of non-

adsorbing polymer was proposed, within which the polymer segment concentration is 

lower than that of the bulk solution. Such a depletion zone exists as a result of the 

restricted conformational entropy of the polymer chains in this region, which is not 

compensated by sufficient adsorption energy. The lower polymer segment concentration 

thus causes flocculation.53 

 

1.4 Polymers as Steric Stabilisers 

 

Block copolymers are of particular importance for steric stabilisation in colloidal 

systems. It is well-documented that AB diblock copolymers form colloidal aggregates 

when dissolved in a solvent that is selective for one of the two blocks.89, 90 If the volume 

fraction of the soluble block is sufficiently large to confer steric stabilisation, well-

defined spherical micelles are generally obtained.91, 92, 93, 94 So-called star-like micelles 

are formed if the soluble block is relatively long compared to the core-forming 

solvophobic block.95 On the other hand, if the solvophilic block is significantly shorter 

than the core-forming block, then so-called crew-cut micelles are produced.96 Over the 

last two decades there have been numerous literature examples of amphiphilic AB 

diblock copolymers forming spherical micelles in aqueous solution.24, 97, 98, 99, 100, 101 

There is also a considerable volume of older literature describing the micellisation 

behaviour of wholly hydrophobic AB diblock copolymers in organic solvents.91, 102 In 

particular, polystyrene-based AB diblock copolymers that form polystyrene-core 

micelles in non-polar solvents such as n-alkanes have been extensively studied.103, 104, 

105, 106, 107, 108 Such diblock copolymers are readily prepared using anionic 
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polymerisation,109, 110 the soluble block usually based on either polybutadiene, 

polyisoprene or their hydrogenated derivatives.104, 105, 106, 111, 112, 113, 114, 115  

 

There have been a number of reports describing the interfacial adsorption of block 

copolymer micelles.34, 116, 117, 118, 119, 120 For example, Winnik et al. reported the 

adsorption of poly(ethylene oxide)-polystyrene diblock copolymer micelles onto 

polystyrene latex particles from aqueous solution,121 while Alexandridis et al. found that 

even rather weakly hydrophobic anchor blocks based on poly(propylene oxide) are 

sufficient to enable relatively high affinity adsorption of Pluronic block copolymer 

micelles onto either carbon black at pH 7122 (see Figure 1.12) or silica at low pH.123 

Thomas and co-workers used neutron reflectivity to confirm the presence of cationic 

diblock copolymer micelles adsorbed at the air-water interface.124 Also, Webber and co-

workers showed that similar copolymers also adsorb at the planar mica/water interface 

to produce ordered micelle monolayers, as visualised directly by atomic force 

microscopy.125, 126 Such adsorbed micelle layers can confer effective steric 

stabilisation,49 which may offer technological advantages for aqueous ink dispersions 

based on carbon black particles,127 or act as soot dispersants in non-aqueous engine oil 

formulations.34 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12. Langmuir adsorption isotherm for the adsorption of Pluronic poly(ethylene 

oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymer micelles onto 

carbon black at 24°C, pH 7.122 
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1.5 Polymers as Bridging Flocculants 
 

The star diblock copolymer architecture is particularly relevant to the study of polymer-

induced bridging flocculation. Star diblock copolymers have been examined for various 

potential applications, including drug carriers128 and thermo-responsive gelators.129,130, 

131, 132 The synthesis of such star diblock copolymers can be achieved using anionic 

polymerisation,28 atom transfer radical polymerisation133 or reversible addition-

fragmentation chain transfer (RAFT) polymerisation.134 Alonzo and co-workers76 

recently reported the kinetics of adsorption of polystyrene poly(2-vinylpyridine) (PS-

P2VP) star diblocks onto a planar silicon surface from toluene. Figure 1.13 shows a 

schematic cartoon representing the likely adsorption in this case, where the P2VP 

corona block interacts preferentially with the silicon surface. A dome-like structure is 

formed by the adsorbed copolymer, with concentration-dependent adsorption kinetics 

being observed in situ using a phase-modulated ellipsometer. Initially, adsorption was 

rapid, followed by a progressively slower rate of adsorption as the equilibrium adsorbed 

amount was attained. The overall timescale for adsorption was ~ 2.8 hours.76  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13. (a) Schematic illustration of the adsorption of a polystyrene-core 

polystyrene-poly(2-vinylpyridine) (PS-P2VP) star diblock copolymer onto a planar 

silicon surface from toluene at 25oC. (b) Kinetics of adsorption for a selection of these 

star copolymers (first number in sample code is number of arms, second number is 

styrene to vinylpyridine ratio).76 
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Star diblock copolymers are also used as viscosity modifiers in engine oil 

formulations.35, 135, 136 The appropriate choice of polymer allows a lubricant to meet 

high-temperature viscosity specifications whilst maintaining acceptable low-

temperature fluidity.137 Star diblocks allow good thickening performance to be 

achieved, although their effect on other engine oil properties must also be considered. 

For example, bridging flocculation of soot particles may cause adverse engine 

component wear. The influence of a commercial star diblock copolymer on the colloidal 

stability of carbon black particles in non-polar n-alkanes is discussed in Chapter 3. 

 

1.6 Carbon black – A model colloidal substrate 

 
The generic term ‘carbon black’ is used to describe a range of industrial products; 

thermal, furnace, channel and acetylene blacks.138 Each of these comprise elemental 

carbon, usually in the form of fractal structures of aggregates, which are in turn made up 

of 5-10 nm primary particles (see Figure 1.23). Small angle X-ray scattering (SAXS) 

analysis of a commercial carbon black is described in Chapter 3. Carbon black can be 

obtained by the partial combustion of hydrocarbons. Thermal decomposition can also be 

used, whereby carbon black is formed in the absence of oxygen. Carbon black 

manufacture on an industrial scale is conducted under precisely controlled conditions by 

this method.138 Transmission electron microscopy images of two typical commercial 

carbon blacks (Regal 250R and Elftex 8, Cabot Corporation, Billerica, USA) are shown 

in Figure 1.14. Regal 250R is used throughout this thesis. 

 

Figure 1.14. Transmission electron microscopy images of (a) Regal 250R and (b) Elftex 

8 carbon blacks. 
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Carbon black is a cheap and readily available material. A number of papers have been 

published detailing both the surface chemistry and structural morphology of carbon 

blacks in various systems.139, 140, 141, 142  It has many uses, including black ink for inkjet 

printing,143 as a filler for vehicle tyre formulations,144 as a semiconductor for plastic 

materials138 and, of particular relevance to the current work, as a soot mimic for engine 

oil optimisation studies (see Section 1.9.5 of this Chapter).145 Such a mimic is required 

because of the costly and labour-intensive route required to obtain genuine engine 

soot.145 In Chapter 5, a particular carbon black (Regal 250R) is compared directly to 

genuine diesel soot in order to validate the use of such a model colloidal substrate. 

 

1.7 Analytical Centrifugation 

 

Characterisation of the stability of dispersions is crucial for gaining a greater 

understanding of these systems, which are important for various fields such as 

coatings,146 paper making,70 ceramics147 and cosmetics.148 Detailed knowledge of the 

particle size distribution (PSD) is highly desirable. In this respect, determination of the 

PSD by analytical centrifugation has great potential, although it is a relatively new 

technique in this area. The general method dates back to 1925, and was developed by 

Svedberg to assist for his studies of colloids and proteins. He was awarded the 1926 

Nobel Prize for his invention.149 

 

A LUMiSizer® instrument has been used to assess the dispersion stability of carbon 

black particles in this thesis. To extend the measurement range to include higher particle 

concentrations, two effects must be taken into account. Firstly, hindered settling, which 

is a manifestation of particle–particle interactions and secondly, multiple scattering 

affecting the optical detection system.150, 151 PSDs of dispersions are measured by 

particle sedimentation in a centrifugal field. Analysis of the variation of extinction at a 

particular position during the measurement is performed by using either the line start or 

homogeneous start technique.150 Such a method (also known as Constant Position 

analysis) leads to an integral which is solved approximately. It is essential that all 

particles have passed the near IR light detector prior to analysis. Figure 1.15 displays 

the instrument set-up. Typical measurement times as conducted in this thesis are 60-90 

minutes. Up to 12 samples can be measured simultaneously, the centrifugal speed can 
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be varied between 200 and 4000 rpm and the instrument temperature can range from 

4oC to 60oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15. Analytical centrifugation set-up for the LUMiSizer® instrument.151 

 

The basic principles of the LUMiSizer® are the same as those for disc centrifuge 

photosedimentometry (DCP).152, 153, 154, 155 This instrument was chosen in preference to 

DCP for the work conducted out in this thesis due to the relative ease of sample 

preparation and lack of cleaning between sampling (LUMiSizer® cells are disposable, 

where the DCP disc requires careful cleaning between samples). Moreover, the variable 

temperature feature is useful for temperature-dependent studies and the ability to 

analyse twelve samples simultaneously enables high throughput. 

  

The dispersion of interest is added to a 2 mm path length polyamide centrifuge cell, then 

near IR light (λ = 870 nm) is transmitted through the transparent cell stroboscopically as 

the centrifuge rotates. As the dispersion sediments to the bottom of the cell under the 

centrifugal field, an increase in light transmission is observed, giving raw profile plots 

of transmission versus cell position (see Figure 1.16). 
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Figure 1.16. Typical raw profile sedimentation plot obtained by analytical 

centrifugation (LUMiSizer®) for 500 nm silica in water at 1 wt% (density 1.99 g cm-3). 

 

The solution meniscus is located from the characteristic reduction in transmission, as 

shown in Figure 1.16. The variation of colour indicates when each transmission profile 

was recorded, red being the first and green the last. These raw profile plots can be used 

as qualitative analyses of dispersion stability. If two dispersions are subjected to the 

same centrifugal field, their relative colloidal stabilities can be assessed. 

 

Transmission profiles can also be converted into particle size distributions using Stokes’ 

Law. For this analysis, the density and viscosity of the continuous phase are required, 

plus the density of the dispersed particles, see equation 8. 

 

𝑋 = √
18. Ƞ𝐹

(𝜌
𝑃

−  𝜌
𝐹

). 𝜔2. 𝑡
𝑚

 . ln (
𝑟𝑚
𝑟0

)                                       (8) 

 

Here, X is the mean volume-average particle diameter, ȠF is the viscosity of the 

continuous phase, ρP is the density of the particles, ρ
F

 is the density of the continuous 

phase, ω is the angular velocity (rad s-1), tm is the time taken for the particles to reach 
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the measurement position, rm is the measurement position recorded at tm and r0 is the 

original position of the meniscus. 

 

1.7.1 Determining the Effective Particle Density 

 

As indicated by equation 8, it is essential to know the density of the dispersed particles 

in order to determine an accurate volume-average particle diameter. For example, if 

sterically-stabilised particles are being sized, the density of both the core and the shell 

must be known, and a resulting effective composite density must be calculated. When a 

diblock copolymer adsorbs onto the surface of carbon black, the overall particle density 

is significantly reduced. This is because the resulting solvated copolymer shell is much 

less dense than the carbon black core. To a good approximation, the shell density is 

equal to that of the continuous phase. Analytical centrifugation can be used to determine 

this reduced effective particle density. Thus, Stokes’ law is used in combination with 

particle velocities, which are deduced via analytical centrifugation measurements.150 In 

principle, centrifugation of sterically-stabilised carbon black dispersions prepared in two 

comparable solvents with differing densities and viscosities (for example, n-dodecane 

and d26-dodecane) should produce two different particle velocities (V1 and V2), see 

equations 9 and 10. 

 

𝑉1 =
(𝜌𝑝 − 𝜌𝐹, 1) . 𝑋2 . 𝜔2

18 . Ƞ1
 . 𝑟                                               (9) 

 

𝑉2 =
(𝜌𝑝 − 𝜌𝐹, 2) . 𝑋2 . 𝜔2

18 . Ƞ2
 . 𝑟                                            (10) 

 

Here ρ
P is the particle density, ρ

F,1 
(or ρ

F,2
) is the solvent density, η

1
 (or η

2
) is the 

dynamic viscosity of the solvent, ω is the angular velocity, X is the diameter of the 

particles and r is the position of the measurement taken. Combining equations 9 and 10 

to eliminate the experimental constants X, ω, r and rearranging terms leads to an 

expression for the effective density, ρ
P
, see equation 11. 
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𝜌𝑝 =
(𝑉1. Ƞ1. 𝜌𝐹, 2) − (𝑉2. Ƞ2. 𝜌𝐹, 1)

(𝑉1. Ƞ1) − (𝑉2. Ƞ2)
                                   (11) 

 

Thus an effective particle density can be deduced, which then enables physically 

realistic volume-average particle diameters to be determined. A typical volume-average 

particle size distribution obtained for a 1.0 % w/v aqueous dispersion of 500 nm silica 

particles by analysis of the raw profile sedimentation plot (see Figure 1.16) is shown in 

Figure 1.17. 

 

Figure 1.17. LUMiSizer® volume-average particle size distribution obtained for a 1.0 

% w/v aqueous dispersion of 500 nm silica particles by analysis of the raw profile 

sedimentation plot shown in Figure 1.16. Inset shows an SEM image for these silica 

particles. 

 

 

1.8 Small Angle X-ray Scattering 

 

 

Small angle X-ray scattering (SAXS) is a robust technique that can be applied to 

characterise many colloidal systems.156 In scattering experiments, the particle length 

scale is inversely proportional to the scattering vector (q), which is defined by equation 

12. 
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𝑞 = 𝑘𝑖 − 𝑘𝑠                                                             (12) 

 

 

Here ki is the incident wave vector, ks is the scattered wave vector, θ is half of the angle 

between the incident beam and the scattered wave vector (see Figure 1.18) and λ is the 

wavelength of the incident X-ray beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.18. Schematic representation showing the typical scattering of an incident 

beam and illustrating the various terms defined in equation 12. 

 

 

In Figure 1.18, the isosceles triangle has two sides of equal length 2π/λ, which give 

equation 13 via trigonometry. 

𝑞 =
4 𝜋 𝑠𝑖𝑛𝜃

𝜆
                                                             (13) 

 

Substitution of the Bragg law of diffraction (equation 13) into equation 14 gives an 

expression that relates the scattering length scale (d) to the scattering vector (q), see 

equation 15. 

𝜆 = 2 𝑑 𝑠𝑖𝑛𝜃                                                              (14) 
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𝑑 =
2 𝜋 

𝑞
                                                                 (15) 

 

 

X-ray scattering is useful over length scales of ≈ 1-1000 nm. Figure 1.19 puts this into 

perspective relative to other available scattering techniques. 

 

Figure 1.19. Typical length scales probed by various scattering methods, where SANS 

is small angle neutron scattering and USAXS is ultra-small angle X-ray scattering. 

 

 

A typical X-ray scattering pattern contains a huge amount of information about both the 

shape and the size of the scattering object (form factors) and also the inter-particle 

interactions (structure factors). In order to extract such data, a suitable model is used to 

fit the scattering pattern based on background knowledge of the sample from other 

techniques such as DLS and transmission electron microscopy (TEM). 

 

SAXS is particularly well suited for the study of polymer adsorption onto colloidal 

substrates, such as carbon blacks, because of the high electron density contrast between 

the particle and the polymer. Measurements are generally conducted at 1-10 % w/w 

solids and provide size, shape and structural information. Moreover, SAXS is usually 

non-destructive, and is statistically robust, since millions of particles are analysed. 
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The use of SAXS to characterise diblock copolymers in solution is well known.65, 115, 157 

For example Di Cola et al. examined the micellar structures of poly(styrene-b-isoprene) 

diblock copolymers in selective solvents over various temperatures.158 Spherical 

micelles, cylindrical micelles and vesicles were identified by SAXS by varying the 

solvents for each block. Complete micellar dissociation was observed above 80oC, 

which was fully reversible on cooling. The effect of temperature on diblock copolymer 

morphology has also been studied by Fielding et al. for poly(lauryl methacrylate)-b-

poly(benzyl methacrylate) (PLMA−PBzMA) in n-dodecane.159 Transmission electron 

microscopy was also used in combination with SAXS to investigate the structural 

changes that occurred during a worm-to-sphere-to-worm thermal cycle. Figure 1.20 

shows (a) the synthesis of PLMA16−PBzMA37 and (b) the thermo-responsive behaviour 

exhibited by 20% w/w PLMA16−PBzMA37 diblock copolymer nanoparticles in n-

dodecane, Figure 1.21 shows the X-ray scattering patterns obtained between 20oC and 

160oC. 

 

 

 

Figure 1.20. (A) Synthesis of PLMA macro-CTA via RAFT solution polymerisation of 

LMA in toluene at 70°C, followed by RAFT dispersion polymerisation of BzMA in n-

dodecane at 70°C. (B) Thermo-responsive behaviour exhibited by 20% w/w 

PLMA16−PBzMA37 diblock copolymer nanoparticles in n-dodecane, plus schematic 

representation of the corresponding change in copolymer morphology. A soft free-

standing gel is formed at 20°C, which becomes a free-flowing solution on heating to 

70°C. This thermal transition is reversible: a worm gel is reformed on cooling to 

20°C.159
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Figure 1.21. SAXS patterns recorded for a 1.0 % w/w dispersion of PLMA16−PBzMA37 

nanoparticles in n-dodecane on heating from 20°C to 160°C. Patterns are offset by a 

factor of 0.1 (90°C) and 0.01 (160°C) for clarity; fits to the data (solid lines) are shown 

as black lines. Inset shows all three scattering patterns plotted on the same scale.159 

 

 

These SAXS experiments yielded the mean worm core cross-section, worm contour 

length and solvent fraction in the particle core.159 In a typical I(q) versus q plot (see 

Figure 1.21), the low q (Guinier) region is particularly useful for assessing particle 

morphology. A gradient of zero in this region indicates a spherical morphology, 

whereas a gradient of negative unity is characteristic of anisotropic particles (rods).160 In 

the study by Fielding et al.,159 the PLMA16−PBzMA37 worms were found to be highly 

anisotropic but relatively flexible, so a gradient close to (but less than) negative unity 

was obtained in this region. 

 

Detailed SAXS analysis requires relatively low copolymer concentrations to avoid inter-

particle interactions, which otherwise suppress the scattering intensity at low q.161, 162 

Scattering patterns can be fitted to established models available in the literature. The 

scattering patterns shown in Figure 1.21 were analysed using a worm model.163, 164 The 
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total worm cross-section was calculated to be 15.4 nm and the worm contour length 

exceeded 600 nm, indicating highly anisotropic particles.159 These values are consistent 

with TEM observations (see Figure 1.22).  

 

 

 

Figure 1.22. TEM images recorded for a 20% w/w PLMA16−PBzMA37 worm gel. 

Initially, highly anisotropic worms are observed at 20°C on dilution to 0.01% w/w 

solids [see image (A)]. On heating this 20% w/w gel to 90°C, degelation occurs. 

Allowing the hot 20% w/w worm gel to cool from 90 to 20°C (followed by dilution to 

0.01% w/w solids prior to preparing a TEM grid) revealed mainly a worm phase [see 

image (B)], with a minor population of isolated spheres (see red arrows).159 

 

Another important finding from this SAXS study was that these PLMA16− PBzMA37 

worms are relatively stiff, because their Kuhn length (160 nm) was an order of 

magnitude greater than the mean worm cross-section. Also, SAXS studies indicated that 

there was little/no solvation of the core-forming PBzMA block at 20 °C in n-alkanes.159 

SAXS was also used to calculate a radius of gyration of 1.3 nm for the coronal PLMA 

block. This value is close to that estimated from the mean degree of polymerisation of 

the PLMA block. On heating to 90°C, the mean worm cross-section remained constant, 

but the worm contour length was reduced from 600 to ≈350 nm, which indicated partial 

worm disintegration. SAXS also showed that the degree of core solvation increased at 

this temperature (suggesting ingress of n-dodecane into the PBzMA core). On further 

heating to 160°C, the SAXS pattern could only be satisfactorily fitted to a model for 

isotropic particles (total worm cross-section = 15.1 nm, worm contour length = 17.3 nm, 

and worm Kuhn length = 16.8 nm). This indicated that the original worm-like particles 
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in the dispersion had been transformed into spherical micelles (see the upturn in the 

scattering curve at very low q, Figure 1.21). Overall, this study highlighted the wealth of 

knowledge that can be gleaned from SAXS analysis. A similar thermally-induced 

diblock copolymer morphology has been characterised by DLS, TEM and SAXS in 

Chapter 2. 

 

The study of fractal and aggregate morphologies of carbon blacks and soots via SAXS 

is also well documented. The structural morphology of both soot and carbon black 

particles is best described as a hierarchy composed of five species: fractal agglomerates 

at the micron length scale, both aggregates and primary particles at the nm scale, sub-

units (a turbostratic structure formed by carbon graphite-like layers) at the sub-nm scale 

and finally the carbon graphite-like layers at the atomic scale.165, 166, 167, 168, 169 A 

schematic cartoon depicting the three largest structures is shown in Figure 1.23. 

 

Figure 1.23. Schematic cartoon representing the hierarchical structure of a typical 

carbon black mass fractal. SAXS patterns obtained from this material are described in 

Chapter 3. 

 

The study of copolymer-coated carbon black particles by SAXS is rather less well 

documented. Carbon blacks are often used as fillers within polymers, as they improve 

the mechanical and electrical properties of the host material.141, 170 Rieker et al. 

concluded that, on loading carbon black into polymer matrices, the processing of the 

resulting composites has a strong influence on the extent of interpenetration of carbon 
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black mass fractals.141 It was also found that the arrangement of aggregates can be 

controlled by the loading of carbon black in carbon black/polymer composites. The use 

of SAXS in this study was invaluable, since it revealed how the degree of 

interpenetration dramatically changed for a given composite by either changing the 

method of dispersion or the choice of matrix.141 In the current work, a direct study of the 

adsorption of a poly(styrene-b-hydrogenated isoprene) star diblock copolymer onto the 

surface of a commercial carbon black has been studied (see Chapter 3). 

 

1.9 Engine oils 

 

1.9.1 Diesel engines 

 

Over the past two decades, the use of diesel engines for both commercial and domestic 

vehicles has increased dramatically as a result of greater fuel efficiency (due to higher 

thermal efficiency171), as well as lower engine running costs. With the current increase 

in the cost of fuel, the case for the diesel engine is becoming even more apparent, since 

it enables greater fuel economy, whilst providing similar performance to the more 

traditional spark-ignition petrol engine. However, although more fuel-efficient, 

particulate emissions from diesel engines can be up to 80 times greater.172 This results 

in a number of problems, not least of which being the negative impact on air quality. 

Although this problem can be minimised by using a diesel particulate filter (DPF)173 

integrated into the engine gas exhaust system, the particulate matter also causes 

problems elsewhere, specifically within the engine itself. This problem is accentuated 

by the use of exhaust gas recirculation (EGR).171, 172, 174 This system is fitted to most 

modern diesel engines in order to reduce the emission of oxides of nitrogen (NOx).
172 In 

EGR, a small proportion of exhaust gas is fed back into the engine intake, which dilutes 

the fresh air mixture entering the engine prior to combustion.174 Although beneficial in 

terms of harmful emission reduction, the process re-introduces organic particulate 

matter at the beginning of the engine cycle, which in turn has adverse long-term effects 

on the engine itself.174 

 

The primary component of diesel engine particulate matter is soot, which forms 

colloidal  aggregates of approximately 500 nm in diameter.174 When introduced to the 

internal components of the engine, these aggregates have the potential to dramatically 
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increase abrasion between component surfaces and in turn produce mechanical wear 

within the engine. This reduces engine efficiency (due to frictional power loss), and 

ultimately prevents the engine from functioning as intended. Furthermore, soot 

increases the viscosity of the engine oil. This also accelerates component wear, as the 

lubricant becomes too viscous for efficient flow and hence fails to adequately penetrate 

precisely engineered low tolerance components.171 Esangbedo et al. investigated the 

effect of diesel soot concentration on engine oil viscosity, see Figure 1.24.175 A rapid 

increase in viscosity with soot concentration occurred; the explanation for this 

observation was excessive soot agglomeration within the engine oil. This phenomenon 

was found to be dependent on the nature of the soot, with lower surface 

functionalisation leading to poorer dispersion efficiencies (presumably as a result of 

weaker dispersant-soot interactions).175 

 

 

Figure 1.24. Representation of the rapid increase (----) in oil viscosity in a heavy duty 

diesel engine test compared to a more desirable viscosity profile (—).175 
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1.9.2 Engine component wear 

 

The five major wear mechanisms in a diesel engine are abrasion, adhesion, fatigue, 

corrosion and lubricant breakdown.171 Abrasion, adhesion and fatigue are physical 

processes in which metal surface contact and bridging of surfaces by colloidal particles 

leads to damage of engine components. Lubricant breakdown and corrosion are 

processes that involve a series of chemical reactions leading to wear. For the above five 

forms of wear, lubricant contamination is the predominant factor for component 

degradation. This involves loss of oil formulation properties such as viscosity, plus the 

accumulation of side-products from the degradation process.171 Soot particles that are 

transported into the lubricant with blow-by gases (gasses that pass between the piston 

and the bore) combine in situ with anti-wear and viscosity modifiers, in turn reducing 

wear tolerance and adversely affecting engine oil viscosity. Figure 1.25 shows an SEM 

image of a typical wear scar caused by a 3% soot in oil blend.172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.25. SEM image of a typical wear scar on a three-body wear machine caused 

by a 3% soot in oil blend.172 
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1.9.3 Engine oil formulations 

 

In order to combat the adverse effects of internal damage and engine component wear, a 

high-performance lubricant is essential. This component has a number of functions, 

including separation of moving parts, neutralising acids to prevent corrosion, dissipating 

heat, protecting wear surfaces, and suspending/dispersing contaminants, thus allowing 

the engine to run as smoothly and efficiently as possible.174 

 

To overcome such challenges, various functional additives must be included in an 

engine oil formulation. Such additives are split into two groups.176 Firstly, viscosity 

modifiers, which are designed to maintain a relatively constant viscosity by reducing the 

base oil viscosity at lower temperatures and increasing it at higher temperatures. Such 

additives also adsorb onto metal surfaces, in turn acting as boundary lubricants. Figure 

1.26 shows a schematic cartoon of such a process.177, 178 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.26. Schematic cartoon showing the nature of an adsorbed polymer film and its 

resulting influence under thin film lubrication conditions (where the blue line indicates a 

metal surface). High engine speed causes greater oil flow.177  
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The second group of additives are known as performance additives. This group can be 

divided into six categories: Antiwear agents (such as zinc dithiophosphate 

(ZDP)) form wear-resistant coatings on the surface of metal parts. Detergents and 

dispersants prevent hard deposits from forming on engine parts and keep sludge 

precursors suspended in the oil, which can then be removed when the oil is changed. 

Antioxidants are used to prevent oxidation of formulation components, hence extending 

the service interval. Rust and corrosion inhibitors protect the engine against moisture 

and from acids in the exhaust gases. Friction reducers help to maximise the energy 

efficiency from the combustion of a given quantity of fuel. Finally, defoamants displace 

air from oil to protect the integrity of the lubricant.145, 172 

 

Further additives are also incorporated in specific formulations, including seal 

conditioners (which cause seals and gaskets to swell, hence preventing oil leaks where 

gaps and joints between components might otherwise exist), metal deactivators to 

prevent oxidation on component surfaces, pour point depressants, which ensure that the 

desired viscosity/pourability of the oil is maintained at lower temperatures, extreme 

pressure agents (enhancing the pressure resistance of the oil), and wax crystal modifiers 

(dewaxing aids), which prevent oil filter blockages at lower temperatures.179 It is 

imperative that each additive does not adversely affect the functions of other additives 

in the formulation, thus inter-additive interactions are an important consideration when 

optimising formulations.180 

 

During its life cycle, an engine lubricant undergoes extensive chemical changes as a 

result of oxidative high temperature degradation, as well as contamination by water, 

fuel, wear materials, ethylene glycol and soot.181 Ultimately, engine oil reaches the end 

of its life as a result of this contamination and degradation. This leads to inferior 

performance as a result of, for example, changes in viscosity (which increases because 

of particulate matter and additive degradation171). Contaminated dispersants also cease 

to function efficiently under such conditions.171, 172 At this point, the oil needs to be 

changed, which removes the internal contamination from the engine and allows a fresh 

allocation of engine oil lubricant to prolong the lifespan of the engine.181 
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1.9.4 Soot dispersion and copolymer dispersants 

 

The dispersion of soot is a major consideration in engine wear reduction. Extensive 

internal damage can result from abrasion caused by soot aggregates located between 

moving parts in the engine.172, 174 As a consequence, the development of dispersion 

additives for use in engine oils has been at the forefront of lubricant-based research for 

the last few decades.10, 11, 182 These additives must not only disperse soot aggregates, but 

also work harmoniously with other additives present in the engine oil.12 For this reason, 

there is usually a set limit to the amount of dispersant that can be added to a given 

formulation. For example, too much dispersant additive can actually accentuate the 

problem of internal corrosion, due to the free amines generally associated with such 

olefin copolymer dispersants.174 

 

Dispersant OCPs 

 

The most common, cheap and readily available engine oil additives used for the 

dispersion of soot are derivatives of linear olefin copolymers (OCPs).12 These generally 

contain pendant succinimides, which promote adsorption onto the soot surface (see 

Figure 1.27). The long-chain OCP backbone can also act as a viscosity modifier in the 

oil formulation.12 Careful consideration must be given with regard to the proportion of 

dispersant used, hence allowing an appropriate balance between adequate dispersion 

and minimal corrosion.174 Physical and chemical interactions with other engine oil 

additives can adversely affect OCP dispersant efficiency and function and 

intermolecular association of such additives can also produce unwanted gels.12 
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Figure 1.27. Seven of the main polyolefin succinimides and derivatives used as engine 

oil additives, where (a) is a mono-succinimide, (b) is a bis-succinimide, (c) is a succinic 

ester amide, (d) is a succinic ester, and (e), (f) and (g) are polysuccinimides. DD = 

detergent-dispersant, AN = acid neutraliser, AW = antiwear, VII = viscosity index 

improver. U = polyamine group or their modified derivatives, W,W1 = polyol group or 

other oleophilic group, R, R1, R2 = polyalkenylor polyolefin or other oleophilic group, 

X, Z = H or B-, S-, Mo-, Zn-, or O- containing group. n, m, p, q, r = integer ˃ 1.12 

 

Studies of the mechanism of operation of succinimide-based OCPs revealed the 

molecular architecture and chemical composition to be equally important for the 

efficiency of soot dispersion.183 However, the molecular level process by which these 

additives actually function is presently rather poorly understood. Current literature 

suggests that the additives rely on anchoring of a hydrophilic end-group (the 

succinimide for the additives shown in Figure 1.27) to the surface of the soot particles, 

with the hydrophobic moiety extending into the base oil in a “tail-like” structure.183 This 

adsorbed conformation confers enhanced colloidal stability via steric stabilisation.52 

Succinimide-based OCPs are usually preferred to a second class of metal-based 

dispersant additives (for example, Ca, Mg or Ba). The latter additives cause problems, 

since they form insoluble solids in the engine oil formulation. Fully organic 
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succinimide-based OCPs are preferred, as no such insoluble solids formed; hence they 

are sometimes known as ‘ashless detergents’.183 

Diblock copolymers 

 

Although succinimide-based OCP statistical copolymers are one of the cheapest and 

most widely used soot dispersant additives, alternative copolymer architectures have 

proven more successful soot dispersants in engine oil. Such additives tend to be more 

expensive since they require a more complex synthetic route.34 As a result, they tend to 

be used in the higher end/performance lubricants.34 One such additive is linear 

poly(styrene-b-hydrogenated isoprene).34 It has been suggested by Shar et al.34 that such 

block copolymers adsorb onto the surface of soot deposits with the polystyrene block 

acting as a ‘head’ group whilst the hydrogenated polyisoprene block forms a ‘tail’, 

preventing further aggregation.34 For this particular study, carbon black was used as a 

model colloidal substrate. This is represented schematically in Figure 1.28. In this 

thesis, this simplistic hypothesis has been critically assessed (see Chapter 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.28. Schematic representation of the proposed mode of adsorption of 

poly(styrene-b-hydrogenated isoprene) diblock copolymer onto soot particles, where the 

red block illustrates polystyrene and the black block denotes hydrogenated 

polyisoprene.34 
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The extent of copolymer adsorption onto carbon black/soot is strongly dependent on the 

overall copolymer molecular weight and the block copolymer composition.34 A 

selection of block copolymers studied by Shar et al.34 are summarised in Table 1.1. 

Empirically, it was found that the longer the polystyrene anchor block, the stronger the 

copolymer adsorption on the carbon black surface from cyclohexane. Moreover, it was 

observed that the greater the anchor fraction, the greater the adsorbed amount of block 

copolymer, but only for block copolymers with molecular weights up to ≈ 20,000 g mol-

1. Higher molar mass copolymers exhibited a maximum in the adsorbed amount. More 

generally, it is believed that the poor solvency of the polystyrene block in cyclohexane 

aids in the adsorption of the copolymer onto the surface of the carbon black.34 

 

Polymer Mw Mw PS mol% PS Mw HPIP 
mol% 

HPIP 
Mw/Mn 

10K0.82 10,000 9,000  1,000 18 N/A 

10K0.06 10,000 1,000  9,000 94 N/A 

17K1.00 17,000 17,000 100  0 1.08 

15K0.85 14,000 13,500 85 1,000 15 1.07 

7K0.57 7,000 5,000 57 2,000 43 1.65 

12K0.56 12,000 8,000 56 3,500 44 1.11 

9.5K0.44 9,500 6,000 44 4,000 56 1.14 

100K0.24 100,000 35,000 24 65,000 76 N/A 

7.5K0.21 7,500 2,500 22 5,000 78 1.80 

153K0.20 153,000 48,000 20 105,000 80 N/A 

 

Table 1.1. Polystyrene-b-hydrogenated isoprene (PS-HPIP) diblock copolymers 

examined by Shar et al.34 Molecular weights have been rounded up and column 6 has 

been rectified due to an apparent error in the original data. Polymer codes denote the 

overall copolymer molecular weight followed by the polystyrene content in mol %. 

 

An earlier study of poly(styrene-b-isoprene) assessed the solution behaviour of this type 

of block copolymer in n-alkanes, which may well affect their dispersant performance at 

elevated temperatures.106 The polystyrene contents and molecular weights of diblock 

copolymers studied in this work are shown in Table 1.2. According to 1H NMR 

analysis, all block copolymers formed polystyrene-core micelles in n-alkanes, which 
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then became molecularly dissolved at elevated temperature. Aromatic signals from the 

polystyrene block were initially invisible at 30 ˚C but became visible on heating to 90 

˚C.106 Shar et al. suggested that the poor solvency of the polystyrene block in n-alkanes 

drives block copolymer adsorption onto the carbon black surface.34 If polystyrene 

solvency increases at high temperatures, it is conceivable that the poly(styrene-b-

hydrogenated isoprene) chains desorb from the surface of soot/carbon black at normal 

operating temperatures for diesel engines. 

 

 

 

 

Table 1.2. Molecular weights and block copolymer compositions of the various PS-PIP 

diblock copolymers examined by Bahadur et al. Each copolymer contains a 

polyisoprene sequence of 20,000 g mol-1.106 The polystyrene content (in mol %) has 

been calculated for each copolymer to allow direct comparison with the data presented 

in Table 1.1. 

 

 

 

An extensive study conducted by Stejskal et al. examined both equilibrium and non-

equilibrium copolymer micelles, specifically poly(styrene-b-[ethylene-co-propylene]) 

copolymers in both n-decane and diisopropyl ether (DIPE).104 It was concluded that the 

solid-state structure of such copolymer micelles was partly preserved on dissolution in 

selective solvents. Poly(styrene-b-[ethylene-co-propylene]) formed metastable non-

equilibrium micellar aggregates with polystyrene cores at 20 ˚C. A transformation to 

smaller stable equilibrium micelles with lower aggregation numbers was observed after 

heat treatment (10 mins at 100 ˚C for n-decane; 10 mins at 70 ˚C for diisopropyl 

ether).104 

 

Sample Mn x10-3 (g mol-1) wt% styrene mol% styrene 

SA-3 29 31 23 

SA-4 36 45 35 

SA-5 39 49 39 

SA-6 49 59 49 

SA-7 53 62 53 
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The observed change in structure after heat treatment was explained by the kinetically 

frozen state of the micellar cores at room temperature.104 Differential scanning 

calorimetry, small-angle X-ray scattering, static and dynamic light scattering and 

viscometry experiments were used to characterise the equilibrium and non-equilibrium 

micelles. Light scattering revealed a pronounced mutual interaction between micelles, 

even at concentrations as low as of 5 x 10-4 g cm -3. The concept of ‘sticky chains’ was 

introduced by Stejskal et al. to explain the inter-micelle association.104 Surprisingly, the 

behaviour of poly(styrene-b-[ethylene-co-propylene]) micelles in DIPE ether was less 

complex, with both effects observed in n-decane being absent in this solvent. SAXS 

confirmed this finding, with differing scattering patterns being observed in n-decane on 

varying the temperature, but not in DIPE (see Figure 1.29).104 Figure 1.30 shows a 

schematic representation of the colloidal structures formed by an AB diblock copolymer 

in a selective solvent, as described by Stejskal et al.104 

 

 

Figure 1.29. SAXS curves for poly(styrene-b-[ethylene-co-propylene]) in (a) n-decane 

and (b) DIPE measured at room temperature (dotted lines) and after heating (solid 

line).104  
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Figure 1.30. Schematic representation of the solid-state structure of an AB diblock 

copolymer and its selective dissolution by the penetration of solvent ‘S’, a selective 

solvent for the B block.104  
 

Similar solution behaviour has been found for various related copolymers. For example, 

Stacy and Kraus114 examined  poly(styrene-b-butadiene) (PS-PB) micelles in n-hexane, 

n-heptane and n-decane. In many cases, a substantial reduction in the micelle 

aggregation number after heating and cooling in comparison with micellar solutions 

prepared directly at room temperature was observed. A reduction in solution turbidity 

from opaque, milky-white to transparent on heating to ~ 50°C and cooling to 20oC is 

also documented by Tsunashima et al. for similar diblocks in n-decane.184 

 

Schouten and co-workers studied the effect of temperature on a poly(styrene-b-

isoprene) diblock copolymer with a styrene content of ~ 37 wt%.113 Gel permeation 

chromatography measurements in tetrahydrofuran (vs. polystyrene calibration 

standards), showed an Mw of (1.26 ± 0.05) x 105 g mol- l and an Mw/Mn of 1.07.  A 

similar transition to relatively small micelles/unimers at elevated temperatures (up to 
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140oC) with a concomitant reduction in viscosity was observed in this case. Mandema et 

al. also described the same transition for two poly(styrene-b-hydrogenated isoprene) 

diblock copolymers (38 wt% PS; either 48 000 or 80 000 g mol- l) in n-decane and 

trans-decalin.112 Viscosity, diffusion and light scattering measurements were used in 

this study. Such a reduction in viscosity was not expected for this system, since micellar 

dissociation into individual copolymer chains usually causes an increase in viscosity. To 

explain such behaviour, Mandema et al. speculate that the block copolymer micelles 

associate at higher temperatures to form cylinders or lamellae.112 However, this 

hypothesis is contrary to most literature in this area. For example, Stejskal et al. suggest 

that lamellar-type structures dissociate at high temperature to form spherical micelles 

and, once such spherical micelles are formed, they show no tendency to revert back to 

the original lamella structures.104 Clearly, the solution behaviour of such block 

copolymers in selective non-polar solvents can be complex. Some of the apparent 

discrepancies in the literature may be ascribed to subtle differences in copolymer 

composition, copolymer molecular weight and thermal history. 

 

Star copolymers 

 

Star diblock copolymers are widely used in engine oils, but their function is mainly that 

of a viscosity modifier, rather than a soot dispersant.35, 185, 186 The desired performance 

of such additives is a reduction in engine oil viscosity at ambient temperature and an 

increase in viscosity at engine operating temperature (~110oC). Star diblock copolymers 

can fulfil such requirements, as their structure remains unchanged at elevated 

temperature (although a change in solvation may become apparent). Such copolymers 

are also used for improving the viscosity index in other lubricant applications, for 

example gear oils.187 The potential for star copolymers to act as soot dispersants is 

largely undocumented in the literature, but is examined in Chapter 3. 

 

Temperature effects 

 

The effect of temperature on carbon black/soot dispersion stability in an n-alkane 

solvent is extremely important in the context of engine oil formulation. A typical light 

duty engine operates between 20oC and 110oC, meaning that any difference in the 
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thermal stability of soot deposits between these temperatures may have a detrimental 

effect on oil viscosity. This has been investigated in some detail by Won et al.188 The 

effect of temperature on both a carbon black (Vulcan XC72R, a soot model) alone in 

SN150N base oil and the same carbon black coated with polyisobutylene succinimide 

(PIBSI) dispersant additive was assessed, and two important conclusions were drawn. 

First, rheology studies showed that carbon black particles in base oil in the absence of 

dispersant are highly aggregated and exhibit no temperature-dependent behaviour. Thus 

it is unlikely that heating induces a significant increase in the van der Waals interaction 

between the carbon black particles. Secondly, a study of carbon black particles coated 

with PIBSI dispersant revealed a significant change in suspension rheology on heating. 

At 20oC, primary carbon black aggregates were well dispersed, resulting in a low fluid-

like rheology. However, at 100oC, such primary aggregates formed agglomerates, 

producing a 3D gel network with a more solid-like suspension rheology. It was 

concluded that the temperature-dependent solution viscosity was the result of the 

hydrocarbon chain of the PIBSI dispersant becoming gradually desolvated at higher 

temperatures. Hence, its ability to inhibit agglomeration via a steric stabilisation 

mechanism is diminished, so carbon black aggregates combine to form larger 

agglomerates. Figure 1.31 shows optical micrographs reported by Won et al.188 that 

indicate weakening of the aggregate network structure on addition of dispersant, and the 

effect of temperature on such samples.188 
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Figure 1.31. Optical micrographs recorded for 4.0 wt% carbon black dispersions at (A) 

25oC and (B) 100oC, showing a reduced network structure in either the presence of 

dispersant or an increase in temperature. The dispersant concentrations are (A) 0, 0.5, 

0.7, 1.0, 1.2 wt% and (B) 0, 0.5, 1.0, 1.5 and 1.9 wt% from top to bottom. All images 

were recorded at the same magnification.188 
 

 

Figure 1.32 depicts a schematic cartoon of the mechanism of PIBSI chain collapse at 

elevated temperatures, as proposed by Won et al. A reduction in hydrocarbon solvation 

at elevated temperature induces collapse, hence reducing steric stabilisation.188  
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Figure 1.32. Schematic cartoon showing the mechanism of PIBSI collapse as proposed 

by Won et al.188 

 

1.9.5 Carbon black: a model colloidal substrate for diesel soot? 

 

Because of the inherent high cost of generating genuine engine soot (which involves 

running an engine to destruction at the cost of ~£80,000), carbon blacks are commonly 

used as model colloidal substrates instead of genuine soot.34, 188, 189 For this reason, it is 

important to compare and contrast the properties of commercially available carbon 

blacks in order to ensure their similarity to genuine diesel soot. Clague et al. used a 

range of analytical techniques to characterise both the chemistry and morphology of a 

diesel engine soot and an exhaust soot. In addition, a comparison was made between 

these soots and a range of commercial carbon blacks.145 Significant differences were 

observed by TGA between the chemical compositions of exhaust and engine soots (see 

Figure 1.33 and Table 1.3).145 In Table 1.3, it is shown that the carbon content in 

exhaust soot is lower than that in engine soot, while the ash content is significantly 

higher (~ 30% vs. ~2%). Engine soot typically has a slightly higher volatile content than 

exhaust soot, while furnace black and channel black exhibit consistently low ash and 

volatile contents. It is also noteworthy that extraction of both engine and exhaust soot 

affects their carbon, ash and volatile contents. In Figure 1.33, there is a strong IR 

absorption in the exhaust soot at ~1700 cm-1. This corresponds to a C=O stretch, 

providing good evidence for more extensive oxidation than in the engine soot. In 

contrast, the engine soot IR spectrum indicates higher concentrations of aromatic groups 

and alkyl chains than that of the exhaust soot. These differences are expected, as 

exhaust gas (and therefore exhaust soot) travel directly from the combustion chamber of 
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the engine to the exhaust manifold, whereas engine soot is exposed to both the engine 

oil and other engine-based wear particulates prior to its extraction and examination. 

Significant differences were found in their surface chemistries and the presence of 

adsorbed lubricant components on the engine soot was also observed. For example, 

polyisobutylene signals were observed when analysing dichloromethane extracts of 

engine soot by 13C NMR spectroscopy, see Figure 1.34. 

 

Figure 1.33. IR spectra of dichloromethane extracts of engine and exhaust soots.145 

 

 

Table 1.3. Thermogravimetric analysis of various soots and carbon blacks.145 

 

 

Sample Carbon content 

(%) 

Ash content 

(%) 

Volatile content 

(%) 

Engine soot A 75.6 2.2 22.2 

Extracted A 86.7 1.8 11.5 

Engine soot B 79.8 1.8 18.4 

Extracted B 88.4 1.2 10.4 

Exhaust soot 57.7 27.1 15.2 

Extracted 35.1 53 11.9 

Furnace black XC72R 98.8 0.9 0.3 

Channel black: S170* 94.8 0.02 5 
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Figure 1.34. 13C NMR solution spectrum recorded for DCM-extracted engine soot.145 

 

Regardless of its origin, each form of soot differed from carbon black, particularly in 

their elemental compositions and surface chemistry (see Table 1.3). However, both 

forms of soot and typical carbon blacks exhibited very similar primary particle sizes and 

fractal morphologies, as well as virtually indistinguishable perturbed graphitic or 

turbostratic internal structures (the latter is defined as a crystal structure in which basal 

planes have slipped out of alignment). Figure 1.35 illustrates the morphological 

similarities between diesel soot and Vulcan XC72R carbon black.145 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.35. Phase contrast transmission electron micrographs of diesel soot (A) and 

Vulcan XC72R carbon black (B).145 
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A hypothesis was proposed by Clague et al. to account for the various differences that 

are observed. These workers note the similarities in soot and carbon black generation, 

but emphasise differences between the quenching and post-quenching environments.145 

Nevertheless, it was concluded that certain carbon blacks are reasonably good mimics 

for understanding the aggregation behaviour of soots in spent lubricating oils.145 

 

 

1.9.6 Block copolymer adsorption 

 

To optimise engine oil formulations, it is important to understand and quantify 

copolymer adsorption onto soot particles. For example, the adsorption of diblock 

copolymers such as poly(styrene-b-hydrogenated isoprene) onto carbon black from 

cyclohexane has been investigated by Shar et al.34 The aromatic polystyrene component 

provides a useful UV spectroscopy chromophore at 262 nm, see Section 1.2.2 of this 

Introduction. The depletion assay method is the general protocol used for such 

copolymer adsorption studies, in which the adsorbed amount of additive is determined 

indirectly from the reduction in copolymer concentration of additive remaining in 

solution after adsorption.59, 190 According to Shar and co-workers, poly(styrene-b-

hydrogenated isoprene) exhibited a strong block composition-dependent adsorption 

profile when added to carbon black in cyclohexane. Furthermore, the interaction of the 

polystyrene block with the carbon black surface was proposed to be the likely mode of 

adsorption.34 However, it is emphasised that the effect of temperature was not 

considered in this study; all analyses were conducted at 20oC. Similar depletion assay 

studies have been conducted in the current work; see Chapters 2, 3 4 and 5. 

 

Computer simulation studies of poly(styrene-b-hydrogenated isoprene) tethered to a 

cyclohexane-carbon black interface were also performed.34 The self-consistent field 

(SCF) theory of Evers118 and Fleer191 was used to estimate the relative adsorption 

affinities of the polystyrene anchor and the hydrogenated polyisoprene buoy block at the 

interface. This approach gave good, albeit only qualitative, agreement with the 

experimental data. Adsorption isotherms obtained by this group are shown in Figures 

1.36, 1.37 and 1.38. At the cyclohexane/carbon black interface, the polystyrene block 

adsorbed preferentially compared to the hydrogenated polyisoprene, with the poor 
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solvency of the former block aiding its adsorption.34 This is as expected, with a п-п 

stacking interaction to be expected. The polymers denoted as 10K0.82 and 10K0.06 (see 

Table 1.1), had equivalent molar masses but differing polystyrene contents and hence 

behaved differently when adsorbed onto the surface of carbon black.34 The 10K0.06 

sample had a very low polystyrene content and so behaved like a hydrogenated 

polyisoprene homopolymer, showing only relatively weak affinity for the carbon black 

surface. However, as the polystyrene block content was increased, a significant increase 

in surface affinity was observed.34 

 

Furthermore, it was found that copolymers with similar polystyrene contents but 

different molar masses (for example copolymers 100K0.22 and 153K0.20 in Table 1.1) 

adsorbed at slightly different levels, indicating a weak dependence of adsorbed amount 

on copolymer molar mass.34 Dependence of the adsorbed amount of copolymer on 

polystyrene content (determined via computer simulations) for copolymers of varying 

compositions (Mw ~ 5,000 to 150,000) revealed higher adsorbed amounts with greater 

polystyrene block contents for low molar mass copolymers (up to Mw ~ 20,000). For 

higher molar mass copolymers, a maximum in the adsorbed amount was observed, 

shifting from high to low polystyrene contents and becoming more pronounced as the 

overall copolymer molar mass was increased.34 Shar et al. concluded that the adsorbed 

amount of poly(styrene-b-hydrogenated isoprene) diblock copolymer depended strongly 

on the overall copolymer molar mass, but the block composition was just as important.34 

This study is also in good agreement with various theoretical predictions and 

experimental data published for similar systems.117, 119, 120, 192, 193, 194 
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Figure 1.36. Adsorption isotherms determined for various copolymers adsorbed at the 

cyclohexane/carbon black interface: Black triangle - 17K1.0; open triangle - 14.7K0.85; 

black circle - 10K0.82; open circle - 10K0.06, where sample codes denote the overall 

copolymer molecular weight, followed by the polystyrene mol fraction, see Table 1.1.34 

 

 

 

Figure 1.37. Adsorption isotherms for copolymers: Black circles - 7K0.57 and open 

circles - 11.8K0.56 adsorbed on carbon black as a function of copolymer equilibrium 

concentration, where sample codes denote the overall copolymer molecular weight, 

followed by the polystyrene mol fraction, see Table 1.1.34
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Figure 1.38. Langmuir-type adsorption isotherms observed for two pairs of more 

soluble copolymers: Open circle - 7.5K0.21, black circle - 9.5K0.44; Black triangle - 

100K0.24, open triangle - 153K0.20, where sample codes denote the overall copolymer 

molecular weight, followed by the polystyrene mol fraction, see Table 1.1.34
 

 

 

 

Project motivation and overview 

 

The motivation for this PhD project was to investigate six diblock copolymer diesel 

engine oil additives with different architectures and functional groups in order to assess 

their efficacy at maintaining a stable diesel soot dispersion in n-alkanes. An improved 

understanding of the effects of dispersant type, copolymer architecture and copolymer 

concentration on soot dispersion performance should allow further optimisation of oil 

formulation performance. One of the fundamental questions at the start of this project 

was whether copolymer chains adsorb onto diesel soot particles as micelles or as 

individual copolymer chains. Chapter 2 addresses this question directly by constructing 

adsorption isotherms in both selective and non-selective solvents for a commercial 

linear poly(styrene-b-hydrogenated isoprene) copolymer. 

 

In Chapter 3, a commercial poly(styrene-b-hydrogenated isoprene) star diblock 

copolymer that is primarily added to engine oil formulations as a viscosity modifier35 is 
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assessed for its carbon black dispersion performance. This work has the potential to 

inform future engine oil formulation optimisation, as possible soot interactions have not 

previously been considered for such copolymer additives. Analytical centrifugation has 

been used to assess the degrees of carbon black dispersion and how this is affected by 

temperature, solvent and copolymer concentration. It is essential to determine the 

effective particle density when using this technique; this parameter can be calculated for 

sterically-stabilised carbon black particles using Stokes’ law. SAXS has also been used 

to assess the colloidal structure of carbon black and how this changes as star diblock 

copolymer is adsorbed on its surface. 

 

In Chapter 4, carbon black dispersion stabilities are critically compared for three 

commercial linear diblock copolymer additives. Each copolymer has a different 

polystyrene content, and hence produces micelles of varying size in selective n-alkanes. 

The effective particle density (introduced in Chapter 3) is more critically evaluated here, 

including an assessment of errors in such calculations. In principle, micelles with a 

larger core-forming polystyrene block should confer a thicker stabiliser layer and hence 

a lower effective particle density. 

 

A comparison between carbon black and genuine diesel soot is made in Chapter 5. 

Physical parameters such as specific surface area and density are determined, followed 

by a detailed comparison of the relative degrees of dispersion that can be achieved for 

carbon black and genuine diesel soot particles when using two commercial copolymers, 

namely a linear poly(styrene-b-hydrogenated isoprene) copolymer and a poly(ethylene-

co-propylene) dispersant OCP. SAXS is also used to compare and contrast the fractal 

morphology and surface characteristics of the two colloidal substrates. 

 

Finally, Chapter 6 details a brief summary of all the work covered in this thesis and 

suggests possible future areas of research in the context of soot dispersion by diblock 

copolymer engine oil additives. 
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Introduction 

 

It is well-documented that AB diblock copolymers form well-defined colloidal 

aggregates when dissolved in a solvent that is selective for one of the two blocks.1, 2 In 

general, if the volume fraction of the soluble block is greater than that of the insoluble 

block, then well-defined spherical micelles are usually obtained.3, 4, 5, 6 Over the last 20 

years there have been many examples of amphiphilic AB diblock copolymers that form 

spherical micelles in aqueous solution,7, 8, 9, 10, 11, 12 but there is also a considerable 

volume of older literature describing the micellisation behaviour of wholly hydrophobic 

AB diblock copolymers in organic solvents.3, 13 In particular, there are many studies of 

polystyrene-based AB diblock copolymers that form polystyrene-core micelles in non-

polar solvents such as n-alkanes.14, 15, 16, 17, 18, 19 Such diblock copolymers are readily 

prepared using classical anionic polymerisation,20, 21 with the soluble block typically 

being based on either polybutadiene, polyisoprene or their hydrogenated derivatives.15, 

16, 17, 22, 23, 24, 25, 26 

 

Over the last fifteen years or so, there have been a number of reports describing the 

interfacial adsorption of block copolymer micelles.27, 28, 29, 30, 31, 32 For example, Thomas 

and co-workers used neutron reflectivity to deduce the presence of cationic diblock 

copolymer micelles adsorbed at the planar air-water interface.33 Webber et al. showed 

that similar copolymers also adsorb at the planar mica/water interface to produce 

ordered micelle monolayers that can be visualised directly by atomic force 

microscopy.34, 35 Winnik et al. reported the adsorption of poly(ethylene oxide)-

polystyrene diblock copolymer micelles onto polystyrene latex particles from aqueous 

solution,36 while Alexandridis and co-workers found that even rather weakly 

hydrophobic anchor blocks based on poly(propylene oxide) are sufficient to ensure 

adsorption of Pluronic block copolymer micelles onto either silica at low pH37 or carbon 

black at pH 7.38 Such adsorbed micelle layers can confer effective steric stabilisation,39 

which may offer technological advantages for aqueous ink dispersions based on carbon 

black particles.40 
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In this Chapter, the micellisation behaviour of a commercially-available poly(styrene-b-

hydrogenated isoprene) (PS-PEP) diblock copolymer in two n-alkanes has been 

assessed using a range of techniques, including transmission electron microscopy 

(TEM), small-angle X-ray scattering (SAXS), dynamic light scattering (DLS), and 

variable temperature 1H NMR spectroscopy. The adsorption of this diblock copolymer 

onto a model colloidal substrate, carbon black, is confirmed by X-ray photoelectron 

spectroscopy (XPS). The adsorbed amount of copolymer is determined indirectly via a 

supernatant depletion assay based on UV spectroscopy and compared to that obtained 

via a direct method based on thermogravimetry. In particular, the experimental evidence 

for micellar adsorption onto carbon black (as opposed to the adsorption of individual 

copolymer chains, or unimers) is critically examined. 

 

Experimental 
 

Materials 

 

The PS-PEP diblock copolymer used in this work is a commercial product obtained 

from BP Formulated Products Technology, and was used as received. It was prepared 

by living anionic polymerisation, which usually ensures good blocking efficiency and a 

relatively narrow molecular weight distribution.21 Chloroform, n-heptane and n-

dodecane solvents were obtained from Fisher Scientific UK Ltd and were used as 

received. Deuterated solvents for NMR studies were obtained from Goss Scientific Ltd, 

UK and were used as received. The carbon black (Regal 250 R grade) was supplied by 

Cabot Corporation (Billerica, MA, USA) and was used as received. 

 

Gel permeation chromatography. The molecular weight distribution of the PS-PEP 

diblock copolymer was assessed by gel permeation chromatography (GPC) using THF 

eluent. The THF GPC set-up was equipped with two 5 μm ‘Mixed C’ 30 cm columns, a 

Varian 290-LC pump and a WellChrom K-2301 refractive index detector operating at 

950 ± 30 nm. The THF mobile phase contained 2.0 v/v% triethylamine and 0.05 w/v% 

butylhydroxytoluene (BHT) and the flow rate was fixed at 1.0 mL min-1. A series of ten 

near-monodisperse polystyrene standards (Mn = 580 to 552,500 g mol−1) were used for 

calibration. 
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Dynamic light scattering. Hydrodynamic diameters were determined by DLS at 25°C 

using a Malvern Zetasizer NanoZS model ZEN 3600 instrument equipped with a 4 mW 

He−Ne solid-state laser operating at 633 nm. Back-scattered light was detected at 173°, 

and the mean particle diameter was calculated from the quadratic fitting of the 

correlation function over 30 runs of 10 seconds duration. All measurements were 

performed three times and data were analysed using CONTIN software. 

 

Transmission electron microscopy. Studies were conducted using a Phillips CM100 

microscope operating at 100 kV on unstained samples prepared by drying a drop of 

dilute sample (approximately 0.01 wt%) on a carbon-coated copper grid.  

 

Small-angle X-ray scattering. SAXS patterns were recorded at a synchrotron source 

(ESRF, station ID02, Grenoble, France) using monochromatic X-ray radiation 

(wavelength  = 0.0995 nm) and a 2D FReLoN Kodak CCD detector (frame exposure 

time 0.1 s). Camera lengths of either 9.1 m or 3 m were utilised for data collection, 

which correspond to a q range of 0.01 nm-1 to 0.2 nm-1 (where 


 sin4
q  is the 

scattering vector and 2 is the scattering angle). Dilute (1.0% w/w) PS-PEP diblock 

copolymer micellar dispersions or solutions in various solvents were injected into a 

thin-walled flow-through quartz capillary cell (1.4 mm diameter; wall thickness ~ 10 

μm). Scattering data were reduced using a  SAXS utilities software package (which 

allows integration, normalisation, background subtraction and merging of scattering 

patterns) and were further analysed using Irena SAS macros for Igor Pro41. 

 

Model used for SAXS analysis 

TEM and DLS studies (see Figures 1.3-1.5) suggest that dispersions prepared via direct 

dissolution of the PS-PEP diblock copolymer in n-alkanes at 20oC comprise a mixture 

of large spheres and worm-like particles, whereas only relatively small spheres were 

observed after heating such dispersions at 90°C (Figure 2.5). Given the relatively low 

polystyrene content of the copolymer (28 mol%), these spheres are best described as 

star-like micelles with relatively small PS cores and relatively thick brush-like PEP 

coronas.44 Such structures are readily amenable to SAXS analysis. A structural model 
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has already been developed for star-like micelles44 and is briefly summarised here. The 

general equation for the scattering intensity, I, of interacting micelles is expressed as56  

 

]1),,()[()(  PYPYPY

av

micmic fRqSqFqFI        (1) 

 

where the star-like micelle form factor is represented as44  

 

)(2)()]0([),(),()( 2222222 qAANqAFNNRqFNRqANqF cscsaggcccaggagggccaggsssaggmic    (2) 

 

and Rs is the micelle core radius and Rg is the radius of gyration of the PEP coronal 

block. The X-ray scattering length contrast between the core block and the coronal 

block is )( solsss V   and )( solccc V   , respectively, where s, c, and sol are the X-

ray scattering length densities of the core block (PS = 9.58  1010 cm-2), the coronal 

block (PEP = 8.81  1010 cm-2) and solvent (heptane = 6.68  1010 cm-2 or dodecane = 7.63 

 1010 cm-2), respectively. Vs and Vc are the volumes of the PS core block and the PEP 

coronal block, respectively. Expressing the diblock copolymer composition in terms of 

mol fractions (0.28 for PS and 0.72 for PEP) and estimating the molecular weights of 

each block to be 44.3 kg mol-1 for PS and 76.7 kg mol-1 for PEP, the mean number of 

monomer repeat units is calculated to be 426 for the core block and 1094 for the coronal 

block, respectively. Assuming reasonable values for the mass densities of each block 

(PS = 1.051 g cm-3 and PEP = 0.91 g cm-3) the core block and the coronal block 

volumes can be calculated using 
A

w

N

M
V   to be 70 nm3 and 140 nm3, respectively. The 

mean micelle aggregation number, Nagg, is given by
s

s
solagg

V

R
xN

3

4
)1(

3
 , where xsol is the 

concentration of n-alkane solvent in the PS-based micelle core. The amplitude of the 

core self-term is given by: 














2
exp)(),(

22q
qRRqA sss , where 

3)(

)]cos()[sin(3
)(

s

sss
s

qR

qRqRqR
qR


  is the amplitude of the form factor for a sphere. The 

exponent term represents a sigmoidal interface between the blocks of width  that 

describes a decaying scattering length density at the core surface. The self-correlation 

term of the corona block is given by the effective single-chain form factor 
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),(1
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),(

gexv

gexv

gc
RqF

RqF
RqF


 , where Fexv(q, Rg) is the form factor for self-avoiding chains57 

(we use equation 13 in this reference and the formalism therein is also adopted) and  is 

a parameter related to the chain-chain interaction within the corona. The effective 

forward scattering is 



1

1
)0(cF . For these star-like micelles, the contribution of the 

coronal blocks to the scattering signal is comparable to that from the micelle core [

2)/( sc  2.2 in n-heptane and 1.5 in n-dodecane]. Thus the amplitude of the corona 

chain form factor is obtained from a normalised Fourier transform of the radial density 

distribution function of the corona chains: 







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





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
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c

sR

R

c

c
s

s

s

s         (3) 

The radial profile, c(r), can be expressed by a linear combination of two cubic b 

splines, with two fitting parameters s and a corresponding to the width of the profile and 

the weight coefficient, respectively. This information can be found elsewhere,44, 58 as 

can the approximate integrated form of equation 3. The form factor of the average radial 

scattering length density distribution of micelles in equation 1 is used as 

 

22 )](),([)( qARqANqF ccsssagg

av

mic       (4) 

 

Use of equation 1 implicitly assumes that interactions between star-like micelles can be 

described by a structure factor based on the Percus-Yevick approximation 

),,( PYPYPY fRqS ,59 where RPY = Rs + R is the interaction radius and fPY is the hard-sphere 

volume fraction. In this model, the size polydispersity for the star-like micelles can be 

calculated by assuming a normal distribution of the micelle core radius Rs with a 

standard deviation Rs. Thus the total number of fitting parameters is ten (Rs, Rs, Rg, 

xsol, , s, a, ν, R and fPY). General parameters such as the copolymer volume fraction 

and various parameters related to the SAXS measurement geometry are not included in 

this list. Irena SAS Igor Pro macros were used for model fitting. During the SAXS 

studies, air bubbles were observed in some of the copolymer dispersions during their 
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injection into the glass capillary cell. This artefact most likely explains the upturn in 

scattering intensity observed at very low q (q < 0.03 nm-1) in the resulting SAXS 

patterns. A unified fit approach60 incorporated in the Irena SAS programme was used to 

account for this effect. 

 

Table 2.1. Structural parameters obtained from SAXS data fitting: radius of the star-like 

micelle core (Rs, nm), standard deviation of the radius (Rs, nm), width of the corona 

electron density profile (s, nm), the interaction distance between the star-like micelle 

core boundaries (R = RPY - Rs, nm) and the hard-sphere volume fraction (fPY). n.d. 

stands for no data. 

 
1H NMR spectroscopy. The mean polystyrene content of the PS-PEP diblock 

copolymer dissolved in a non-selective solvent (CDCl3) was determined using a Bruker 

AV1-250 MHz NMR spectrometer (64 scans per spectrum). Variable temperature 

spectra were recorded between 25oC and 110oC using either d16-heptane or d26-

dodecane using a Bruker AV1-400 MHz NMR spectrometer (32 scans per spectrum). 

 

Helium pycnometry. The solid-state density of the Regal 250R carbon black was 

measured using a Micrometrics AccuPyc 1330 helium pycnometer at 20oC. 

 

Surface area analysis. BET surface area measurements were performed using a 

Quantachrome Nova 1000e instrument with dinitrogen gas (mean area per molecule = 

16.2 Ǻ2) as an adsorbate at 77 K. Samples were degassed under vacuum at 100oC for at 

least 15 h prior to analysis. The particle diameter, d, was calculated using the formula d 

= 6/(ρ.As), where As is the BET specific surface area in m2 g-1 and ρ is the carbon black 

density in g m-3 obtained from helium pycnometry. 

 

UV spectroscopy. UV spectra were recorded at 20oC for the PS-PEP diblock 

copolymer dissolved in 1:1 chloroform/n-heptane mixtures (i.e. the n-heptane 

supernatant diluted with an equal volume of chloroform) using a Perkin Elmer Lambda 

Sample/solvent Thermal history Rs(Rs) /nm s /nm R /nm fPY 

PS-PEP in 

n-heptane 

as-prepared at 20oC 15.1 (1.3) 36.1 38.5 0.15 

annealed at 90°C 10.7 (1.0) 29.3 31.7 0.21 

PS-PEP in 

n-dodecane 

as-prepared at 20oC n.d. n.d. n.d. n.d. 

annealed at 110°C 9.5 (0.9) 28.6 28.6 0.19 
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25 instrument operating between 200 and 500 nm. A calibration curve was constructed 

for the same copolymer dissolved in pure chloroform and gave a molar extinction 

coefficient of 222 ± 2 mol-1 dm3 cm-1, which is close to the literature value reported for 

polystyrene.42 

 

Copolymer adsorption onto carbon black via supernatant depletion assay using 

UV spectroscopy. The desired mass of PS-PEP (3.0 – 90.0 mg) was weighed into a 

glass vial and carbon black (300.0 mg) was weighed into a separate vial. Then n-

heptane (5.00 mL) was added to the PS-PEP. This suspension was stirred at 20oC 

(Turrax stirrer, 1 minute) then heated up to 90oC for 1 h. The resulting copolymer 

micelle dispersion was added to the pre-weighed carbon black, stirred (Turrax stirrer, 1 

minute), sonicated for 1 h, then left on a roller mill for 16 h overnight. The resulting 

dispersion was centrifuged for 4 h at 18,000 rpm in a centrifuge rotor that was pre-

cooled to 15oC so as to minimise solvent evaporation. Taking care not to disturb the 

sedimented carbon black particles, the supernatant was decanted into an empty vial and 

then 0.40 mL of this solution was diluted with an equal volume of pure chloroform to 

ensure molecular dissolution of the copolymer chains prior to analysis by UV 

spectroscopy. The aromatic chromophore at 262 nm due to the polystyrene block was 

used to quantify the copolymer concentration remaining in the supernatant after 

exposure to the carbon black, thus enabling the adsorbed amount to be determined by 

difference. 

Thermogravimetric analysis. Analyses were conducted on the pristine diblock 

copolymer, carbon black alone and copolymer-coated carbon black particles. Each 

sample was heated under a nitrogen atmosphere up to 800oC at a heating rate of 20oC 

min-1 using a Q500 TGA instrument (TA Instruments). The mass loss observed between 

300 and 500oC was attributed to complete pyrolysis of the diblock copolymer, with the 

remaining incombustible residue being attributed to carbon black. 

 

X-ray photoelectron spectroscopy. Studies were conducted on carbon black dispersion 

samples pressed onto indium foil using a Kratos Axis Ultra DLD X-ray photoelectron 

spectrometer equipped with a monochromatic Al X-ray source (hv = 1486.6 eV) 

operating at 6.0 mA and 15 kV at a typical base pressure of 10-8 torr. The step size was 
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1.0 eV for all survey spectra (pass energy = 160 eV). Spectra were typically acquired 

from at least two separate sample areas. 

 

Results and Discussion 
 

Copolymer Characterisation 

 

The commercial PS-PEP diblock copolymer used in this work can be prepared by 

sequential monomer addition using anionic polymerisation. It had a relatively narrow 

molecular weight distribution (Mw/Mn = 1.04) and an apparent Mn of 117,000 g mol-1 as 

judged by gel permeation chromatography in tetrahydrofuran (THF) using a series of 

near-monodisperse polystyrene calibration standards. 1H NMR spectroscopy analysis 

indicated a polystyrene content of 28 mol % (see Figure 2.1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. 1H NMR spectrum (CDCl3) and THF GPC curve obtained for PS-PEP 

diblock copolymer obtained for PS-PEP diblock copolymer. The molecular weight data 

are expressed relative to polystyrene standards. A comparison between the integrated 

aromatic signals and those of the aliphatic backbone indicate a polystyrene content of 

28 mol % via 1H NMR. 
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Copolymer Self-Assembly 

 

 

The micellisation of PS-PEP diblock copolymers of comparable molecular weight and 

polystyrene content (1.05 x 105 g mol-1; 34% by mass) was studied by Stejskal et al., 

who found that direct dissolution in n-decane at 20oC invariably led to the formation of 

ill-defined relatively large micellar aggregates.15, 16 However, heating such colloidal 

dispersions up to a minimum of 90oC produced smaller, well-defined micelles of 

relatively low polydispersity, which remained stable on cooling to 20oC. Similar 

observations were also reported by Price and co-workers for the same class of diblock 

copolymer.43 These two scenarios are depicted in Figure 2.2 for the specific diblock 

copolymer used in the present work, along with the molecular dissolution that occurs 

when dissolving such PS-PEP diblock copolymers in non-selective solvents such as 

chloroform (this work) or THF.15 In the present study, the PS-PEP diblock 

copolymer/n-alkane system described by Stejskal et al.15, 16 and others44 has been 

revisited (see Figure 2.2) to gain further physical insights by utilising modern 

instrumentation techniques such as transmission electron microscopy, 1H NMR 

spectroscopy and a synchrotron source to substantially extend the accessible q range in 

small-angle X-ray scattering (SAXS) experiments. In addition, preliminary copolymer 

adsorption studies using carbon black have also been conducted. This model colloidal 

substrate is generally considered to be an appropriate mimic for diesel soot particulates, 

see Chapters 1 and 5.32, 45, 46, 47, 48 
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Figure 2.2. Schematic overview depicting the three states of the PS-PEP diblock 

copolymer: (a) molecularly dissolved in chloroform, (b) small well-defined micelles 

when dispersed in either n-heptane or n-dodecane followed by a thermal cycle and (c) 

large ill-defined colloidal aggregates when dispersed in either n-heptane or n-dodecane 

with no thermal cycle. 

 

 

Effect of Solvent Quality on Copolymer Self-Assembly 

 

Figure 2.3 depicts the intensity-average diameter of PS-PEP chains obtained when this 

copolymer is first molecularly dissolved in chloroform and then diluted using various 

amounts of n-heptane to produce a final fixed copolymer concentration of 1.0 % w/w. 
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Figure 2.3. DLS intensity-average diameter vs. volume fraction of n-heptane for PS-

PEP diblock copolymer at 20oC. In each case (apart from 100 vol % n-heptane), the 

copolymer was first dissolved in chloroform, followed by dilution with the desired 

amount of n-heptane. 

 

Initially, molecular dissolution occurs up to around 25 vol % added n-heptane. Then 

small well-defined micelles of 15-20 nm diameter are produced for solvent 

compositions containing up to around 85-90 vol% n-heptane, followed by the formation 

of much larger aggregates of more than 70 nm diameter at 95 vol% n-heptane. Direct 

dissolution in pure n-heptane leads to polydisperse colloidal aggregates of around 128 

nm diameter. However, this value was derived using the Stokes-Einstein equation, 

which assumes perfectly monodisperse, non-interacting spheres. Stejskal and co-

workers showed such ill-defined dispersions can be readily converted into well-defined 

micelles via a single thermal cycle.15, 16 This is illustrated in Figure 2.4, which shows 

representative transmission electron micrographs of the mixture of copolymer 

morphologies (spheres plus cylinders) that are present when the PS-PEP diblock 

copolymer is dissolved directly in (a) n-heptane and (c) n-dodecane. The latter solvent 

was generally preferred to n-heptane since its higher boiling point minimises 

evaporative losses and allows access to higher temperatures. Small well-defined 

spherical micelles are produced on heating these initial ill-defined copolymer 

dispersions for 1 h up to 90oC in (b) n-heptane or 110oC in (d) n-dodecane. Digital 

photographs depicting the visual appearance of the corresponding copolymer 

dispersions before and after this thermal cycle are also shown. 
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Figure 2.4. TEM images obtained for the PS-PEP diblock copolymer used in this study. 

(a) Large ill-defined colloidal aggregates formed via direct dispersion at 20oC in n-

heptane and (b) the much smaller spherical star-like micelles formed at 20oC on heating 

this initial dispersion to 90oC for 1 h in n-heptane. (c) and (d) show the same copolymer 

dispersed in n-dodecane at 20oC and after heating to 110oC prior to cooling to 20oC, 

respectively. The corresponding digital photographs recorded for these four dispersions 

are also shown as insets; these images confirm that much less turbid dispersions are 

observed for both solvents after the thermal cycle. 

 

 

As expected, the dispersions containing the larger, more polydisperse aggregates are 

significantly more turbid than the micellar dispersion obtained after the thermal 

treatment. According to Stejskal et al., the larger particles are most likely an artefact of 

the solid-state copolymer morphology.15, 16 This seems to be a reasonable explanation. 

Since the PS block is the minor component, the PS-PEP diblock copolymer is expected 

to form mainly spherical PS domains embedded in a PEP matrix in the solid state.49 
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Under these conditions the PEP chains are in their unperturbed dimensions, which leads 

to a relatively large aggregation number and micelle domain size. On direct dissolution 

in an n-alkane at 20oC, the frozen, non-equilibrium nature of the glassy PS cores 

prevents any structural arrangement (see later discussion). Thus, the original relatively 

large kinetically-trapped micelles persist, despite the better-than-θ-solvent environment 

for the PEP coronal chains (which favours the formation of smaller micelles of lower 

aggregation number). This subtle change in copolymer morphology can only occur if 

the frozen micelles are subjected to sufficient thermal energy via a subsequent heating 

cycle. Such experiments are described below. 

 

 

Effect of Thermal Cycling on Copolymer Morphology 

 

The pronounced reduction in copolymer dimensions that occurs on increasing the 

solution temperature is shown in Figure 2.5 for a 20oC – 90oC – 20oC thermal cycle 

conducted using n-heptane. The apparent ‘sphere-equivalent’ diameter of 128 nm 

observed at 20oC is physically rather meaningless, since TEM studies indicate the 

presence of a significant fraction of polydisperse cylinders under these conditions. On 

heating up to 70-80oC, the mean size of the colloidal aggregates is dramatically reduced 

and TEM studies confirm the formation of well-defined spherical micelles, which 

makes the DLS data rather more reliable and easier to interpret. Moreover, analysis of 

the DLS data using CONTIN software reveals bimodal size distributions (see, for 

example, inset (b) recorded at 80oC), with the smaller population at around 5-6 nm 

corresponding to molecularly dissolved copolymer chains (or unimers). 
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Figure 2.5. DLS intensity-average diameter obtained for (a) the PS-PEP diblock 

copolymer dispersed directly in n-heptane at 25oC, (b) the gradual reduction in colloidal 

dimensions on heating up to 90oC, producing relatively small star-like micelles that are 

in equilibrium with molecularly dissolved copolymer chains (unimers), (c) the star-like 

micelles that are formed on cooling to 25oC. The inset DLS size distributions confirm 

the presence of unimers in (b). 

 

Presumably, the initial cylinders are converted into spheres on heating via a ‘budding’ 

process. This interpretation is supported by the observation that the intensity-average 

diameter of the small spheres is comparable to the mean width of the original cylinders. 

Similar observations were recently reported by Blanazs et al.,50 but in this latter case a 

worm-to-sphere transition occurred on cooling an aqueous dispersion of methacrylic 

diblock copolymer worms, rather than on heating. This qualitative difference is 

attributed to the inverse temperature-solubility often exhibited by water-soluble 

polymers.51   

 

SAXS Studies of Diblock Copolymer Micelles 

 

The model used to fit the four SAXS patterns shown in Figure 2.6 is described in the 

experimental section. A pronounced peak at q < 0.08 nm-1 indicates structure factor 

effects resulting from inter-micelle interactions. These interactions are attributed to the 

relatively long highly swollen PEP corona block and occur even at relatively low 
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volume fractions.44 Thus, a suitable form factor and structure factor were incorporated 

into the SAXS model chosen to analyse this system (see experimental section). After 

consideration of a preliminary analysis using this structural model, and bearing in mind 

previous literature data obtained for a similar PS-PEP diblock copolymer dispersion in 

n-decane,44 some parameters were fixed at estimated physically realistic values (e.g.  = 

2,  = 5 nm and a = 0) prior to fitting. The sigmoidal interface width, , was taken to be 

equal to the projected contour length of the PEP repeat unit (i.e. four all-trans C-C 

bonds). It was also assumed that two parameters associated with the corona dimensions, 

R and s, (see experimental section) could be related to the radius of gyration of the 

corona block, Rg such that R  2Rg and s  2Rg. After incorporating these physical 

constraints within the model, the mixing parameter, a, which describes the radial profile 

of the corona scattering length density, tended to zero. This enabled the overall number 

of fitting parameters for equation 1 to be reduced from ten (see experimental section) to 

seven, thus simplifying the model. 

Figure 2.6. SAXS patterns obtained for PS-PEP diblock copolymer dispersions: (a) as-

prepared in n-dodecane at 20oC; (b) after thermal annealing in n-dodecane at 110oC; (c) 

as-prepared in n-heptane at 20oC; (d) after thermal annealing in n-heptane at 90oC. The 

data in each SAXS pattern are multiplied by an appropriate coefficient for the sake of 

clarity. The solid lines represent fittings to the SAXS data obtained using the star-like 

micelle model. 
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The star-like micelle model produced a good fit to the SAXS data for PS-PEP diblock 

copolymer dispersions in n-heptane both before and after thermal cycling (see Figure 

2.6 and Table 2.1). This suggests that star-like micelles are the dominant morphology in 

these samples, which is in good agreement with TEM observations (see Figure 2.4). 

However, an appropriate structural model could not be identified for the as-prepared 

PS-PEP diblock copolymer dispersion in n-dodecane. In this case, neither the star-like 

micelle model nor a worm-like micelle model produced a satisfactory fit to the observed 

SAXS pattern. This finding also correlates with TEM studies, which indicate an ill-

defined mixed copolymer morphology for this sample (see Figure 2.4). Detailed SAXS 

analysis indicated a relatively low volume fraction of the n-alkane solvent in the micelle 

cores (xsol). More specifically, it is estimated that xsol 0.10 for n-heptane and n-

dodecane, which is close to values reported by Pedersen and co-workers for a related 

system.44 This is consistent with the fact that n-alkanes are non-solvents for the PS 

block at room temperature. SAXS studies also confirm that the large polydisperse 

colloidal aggregates initially produced via direct dissolution in n-heptane or n-dodecane 

at 20oC are transformed into smaller well-defined star-like micelles after heating up to 

90oC (n-heptane) or 110oC (n-dodecane). For example, the mean micelle core radius of 

as-prepared PS-PEP aggregates in n-heptane is reduced from 15.1 to 10.7 nm after such 

a thermal cycle (see Table 2.1). In addition, SAXS analyses demonstrate that thermal 

cycling in both solvents yielded analogous star-like micelles with a mean radius for the 

PS-core micelles (Rs) of approximately 10 nm and a PEP corona thickness (s or R) of 

around 30 nm, giving an overall particle radius of 40 nm, see Table 2.1. Thus these 

observations are similar to those reported by Pedersen and co-workers: 44 appropriate 

heat treatment generates star-like PS-PEP micelles (with a co-existing population of 

molecularly dissolved copolymer chains) which are frozen on cooling to 20oC. In the 

present study, SAXS analyses indicated an Rg of 15.5 nm for the PEP corona block. 

This is in good agreement with Monte Carlo simulations performed by Pedersen and co-

workers for a similar diblock copolymer (with PS and PEP block molecular weights of 

40 kg mol-1 and 80 kg mol-1, respectively) in n-decane.44 Such star-like PS-PEP micelles 

were estimated to have an Rg ~ 15.0 nm. 
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Variable Temperature 1H NMR Studies 

 

Variable temperature 1H NMR studies were conducted in order to gain some 

spectroscopic insights into the break-up of the large polydisperse aggregates and 

formation of well-defined micelles during the thermal cycle. Both d16-heptane and d26-

dodecane were utilised for these experiments, with the much higher b.p. of the latter 

solvent allowing a wider temperature range to be accessed. Figure 2.7a shows the partial 

1H NMR spectra recorded for the copolymer dispersion in d26-dodecane on heating up 

to 110oC. Initially, no NMR signals were observed (see spectra recorded at 25oC and 

55oC). In contrast, broad aromatic signals that are characteristic of the core-forming PS 

block are observed in the 70oC to 110oC range, which disappear completely on cooling 

to 25oC. Similar observations were made for the copolymer dispersion in d16-heptane, 

although 80oC was the limit of this particular study due to the relatively low solvent 

boiling point (~ 98oC), see Figure 2.7b. This indicates significant swelling of the micelle 

cores by the hot n-alkane solvent. This is perfectly understandable given that 

polystyrene is insoluble in cyclohexane at 20oC, but becomes completely soluble when 

heated above 34oC.52  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7. Partial 1H NMR spectra recorded for the PS-PEP diblock copolymer in d16-

heptane on gradual heating from 30oC to 80oC, and d26-dodecane on gradual heating 

from 25oC to 110oC, followed by cooling to 25oC. The appearance of aromatic signals is 

attributed to increasing solvation of the polystyrene chains within the micelle cores at 

higher temperatures. 
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Such solvent plasticisation leads to a much lower effective Tg for the core-forming PS 

block (DSC analysis of the solid PS-PEP copolymer indicates a Tg of 107oC, see Figure 

2.8), which becomes increasingly mobile at elevated temperatures. However, if these 

integrated aromatic signals are compared to signals assigned to the PEP stabiliser block 

(not shown), the degree of solvation of the PS chains is always significantly lower than 

the actual polystyrene content of the PS-PEP diblock copolymer (28 mol%), see Figure 

2.9. This is consistent with highly swollen micelle cores, but does not necessarily mean 

micelle dissolution. On the other hand, a high degree of core swelling causes a shift 

from non-ergodic, frozen micelles4, 15, 16, 43 towards micelles that are in equilibrium with 

dissolved copolymer chains, with the presence of the latter component being already 

confirmed by the DLS studies shown in Figure 2.5. These variable temperature 1H 

NMR spectra also suggest that n-dodecane is a marginally worse solvent for the PS 

block than n-heptane, since the latter leads to a greater degree of solvation at 60-70oC 

(see Figure 2.9). 

 

 

Figure 2.8. DSC curve recorded for the PS-PEP diblock copolymer. The observed onset 

glass transition temperature of 107oC relates to the glassy polystyrene block. 
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Figure 2.9. Apparent polystyrene content of the PS-PEP diblock copolymer with 

increasing temperature as judged by 1H NMR studies performed in (a) d16-heptane and 

(b) d26-dodecane. The actual polystyrene content of this PS-PEP diblock copolymer is 

28 mol%, as judged by 1H NMR analysis in CDCl3. Thus the polystyrene-based micelle 

cores never become fully solvated even at 110oC. 
 

 

 

Block Copolymer Adsorption onto Carbon Black Particles 

 

The adsorption of PS-PEP diblock copolymers onto carbon black from cyclohexane has 

been reported by Cosgrove and co-workers.32 Such model formulations are of interest, 

since carbon black is believed to be a useful mimic for understanding the behaviour of 

diesel engine soot, which must be well dispersed within the engine oil in order to 

minimize engine wear (see Chapters 1 and 5).45 Surface-active copolymers such as 

succinimide-capped polyisobutylenes are also known to act as effective soot dispersants 

in engine oil formulations.46, 53 In the present work, a commercial carbon black (Regal 

250R, kindly provided by Cabot Corporation) was chosen as a model colloidal 

substrate. A representative transmission electron micrograph of these particles reveals 

the characteristic fractal morphology normally associated with this material, see Figure 
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2.10a. BET surface area measurements (N2 adsorbate at 77 K) gave a linear plot (see 

Figure 2.10b) and indicated a specific surface area of 43 m2 g-1. Combined with a 

carbon black density of 1.89 g cm-3 determined by helium pycnometry this suggests a 

mean sphere-equivalent diameter of approximately 74 nm, which corresponds to the 

primary grain size of this material. 

 

 

Figure 2.10. (a) TEM image and (b) BET surface area measurements for Regal 250 R 

carbon black, which is utilised as a model colloidal substrate for adsorption of the PS-

PEP diblock copolymer. The carbon black has a characteristic fractal morphology and a 

primary grain size (number-average diameter) of approximately 74 nm. Analysis of the 

BET data indicates a specific surface area, As, of 43 m2 g-1. 

 

 

 

Direct spectroscopic evidence for the presence of the copolymer chains on the surface 

of the carbon black particles can be obtained using X-ray photoelectron spectroscopy 

(XPS). This technique has excellent inter-element resolution and a typical sampling 

depth of just a few nm.54 However, normally it would be extremely difficult to detect a 

carbon-rich copolymer such as PS-PEP adsorbed onto carbon black. Fortuitously, the 

Regal 250R grade of carbon black contains a significant surface sulphur signal. This 

elemental impurity is obscured as the copolymer micelles adsorb onto the carbon black 

surface, as evidenced by the gradual attenuation of the S2p signal (see Figure 2.11). 
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Figure 2.11. XPS S2p core-line spectra recorded for the PS-PEP diblock copolymer 

adsorbed onto carbon black from n-heptane at 20oC.  The sulphur signal is due to an 

impurity in the carbon black surface and this feature is gradually obscured by the 

adsorbed copolymer: (a) carbon black alone, (b) 5% w/w PS-PEP copolymer adsorbed 

onto carbon black, (c) 10% w/w PS-PEP copolymer adsorbed onto carbon black, (d) 

15% w/w PS-PEP copolymer adsorbed onto carbon black (e) 20% w/w PS-PEP 

copolymer adsorbed onto carbon black. 

 

 

 

The extent of copolymer adsorption onto this carbon black from n-heptane at 20oC was 

initially examined indirectly by using a supernatant depletion assay based on UV 

spectroscopy, after sedimentation of the relatively dense carbon black particles using 

high speed centrifugation. Here the polystyrene block acts as a convenient aromatic UV 

chromophore, since it gives rise to a strong signal at 262 nm and a highly linear Beer-

Lambert law plot (see Figure 2.12). However, it is perhaps worth emphasising that this 

supernatant assay cannot be performed directly in n-alkane solvents: the UV radiation is 

strongly scattered by the micellar aggregates with a 1/λ4 wavelength dependence, which 

leads to a rapidly rising baseline at shorter wavelengths. Instead, an aliquot of the 
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copolymer dispersion in the n-alkane is first diluted into an equal volume of chloroform. 

This is sufficient to cause micellar dissociation to form individual copolymer chains: 

SAXS analysis confirms much weaker X-ray scattering and the presence of random 

coils with a mean radius of gyration of around 6.5 nm, suggesting molecular dissolution 

of the PS-PEP diblock copolymer in chloroform. An adsorption isotherm was 

constructed using this protocol and is depicted in Figure 2.13. Classical Langmuir-type 

adsorption is observed, which indicates monolayer coverage and is generally expected 

for polymer adsorption.55 The adsorbed amount at the ‘knee’ of the isotherm is 

approximately 3.5 mg m-2, which is a relatively high plateau value for simple physical 

adsorption. 

 

 

 

 

 

Figure 2.12. UV absorption spectra (arrow indicates increasing copolymer 

concentration) and corresponding Beer-Lambert plot for the aromatic chromophore at 

262 nm assigned to the polystyrene component of the PS-PEP diblock copolymer 

dissolved in chloroform at 20oC. 
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Figure 2.13. Adsorption isotherms obtained for PS-PEP diblock copolymer adsorbed 

onto carbon black from chloroform and n-heptane (after heating to 90oC for 1 h) at 

20oC, as determined using a UV spectroscopy-based supernatant depletion assay. The 

copolymer is molecularly dissolved in chloroform and thus only weakly adsorbed onto 

carbon black from this good solvent. In contrast, the copolymer is present as micelles in 

n-heptane, and strong adsorption is observed from this solvent. The TEM images 

indicate the degree of dispersion of the carbon black particles at various points on the 

adsorption isotherm obtained for copolymer adsorption from n-heptane: (a) at 

submonolayer coverage; (b) at approximately monolayer coverage; (c) above monolayer 

coverage. Image (d) also shows that the copolymer micelles are clearly present in co-

existence with the carbon black particles. Image (e) shows the aggregation state of the 

carbon black particles at high copolymer concentration (2670 ppm) in chloroform. (f) 

Cartoon schematic to illustrate the strong micellar adsorption (Γ = 3.5 mg m-2) that 

occurs in n-heptane and the significantly weaker unimer (single chain) adsorption (Γ = 

1.8 mg m-2) that occurs in chloroform. 

 

An obvious explanation is micellar adsorption from n-alkanes, rather than the 

adsorption of individual copolymer chains. This hypothesis is supported by the much 

weaker adsorption observed from chloroform under the same conditions (only ~ 0.80 

mg m-2 at around 1000 ppm, which corresponds to the ‘knee’ of the Langmuir isotherm 

observed for copolymer adsorption from n-heptane). Even at a relatively high 

copolymer concentration of 2660 ppm, only an adsorbed amount of ~ 1.8 mg m-2 is 
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observed, which is around half of that obtained for adsorption from n-heptane. 

Furthermore, the copolymer-coated carbon black particles prepared below, at and above 

the ‘knee’ of the Langmuir isotherm were studied by TEM (see the four inset images 

shown in Figure 2.13). Below the maximum adsorbed amount of copolymer, the carbon 

black particles still appear to be somewhat aggregated (see inset image a), but a 

significantly higher degree of dispersion is achieved either at or above the ‘knee’ of the 

isotherm (see inset images b, c). Moreover, close inspection of the TEM image 

corresponding to the latter condition reveals the presence of PS-PEP diblock copolymer 

micelles in co-existence with the carbon black particles (see inset image d). The 

aggregation state of the carbon black particles at high copolymer concentration in 

chloroform is shown in image (e). A schematic cartoon illustrating the difference 

between micellar and unimer adsorption is also provided as inset (f) in Figure 2.13.  

 

Finally, thermogravimetric analysis was used to directly determine the adsorbed amount 

of copolymer on the carbon black particles from n-heptane at 20oC (after a 20oC – 90oC 

– 20oC thermal cycle to ensure the formation of well-defined micelles). A control 

experiment confirmed minimal mass loss (~ 0.6%) occurred for carbon black alone on 

heating up to 500oC under nitrogen, see Figure 2.14. In contrast, the PS-PEP diblock 

copolymer was fully pyrolysed under these conditions (see inset thermogram in the 

same Figure). Thus pyrolysis of the copolymer-coated carbon black particles (isolated 

as sediments after high speed centrifugation) under carefully controlled conditions 

allowed the adsorbed amount of copolymer to be determined. A series of thermograms 

are shown in Figure 2.14 with higher mass losses being observed at 500oC as the initial 

copolymer concentration is gradually increased. In particular, the 8.75 % mass loss 

corresponds to an adsorbed amount, Γ, of 2.0 mg m-2, which is close to that determined 

by UV spectroscopy under the same conditions (2.1 mg m-2).  

 

There is a general caveat to consider when using both of the above techniques to 

measure copolymer adsorbed amount. First of all, TGA will tend to overestimate the 

adsorbed amount of copolymer when this is present in excess. This is due to a minor 

fraction of the star diblock copolymer sedimenting under the centrifugation conditions 

used to isolate the carbon black particles prior to TGA analysis (as confirmed using 
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control experiments). Thus this technique will only be reliable below (and up to) 

monolayer coverage, since there is essentially no excess copolymer in the supernatant in 

this regime. Similarly, the supernatant depletion assay based on UV spectroscopy must 

underestimate the adsorbed amount above monolayer coverage for the same reason. In 

summary, these two techniques report consistent data for adsorbed amounts up to 

monolayer coverage, but necessarily diverge thereafter. 

 

Figure 2.14. Thermogravimetric curves obtained for increasing amounts of PS-PEP 

diblock copolymer adsorbed onto carbon black. Analyses were performed under a 

nitrogen atmosphere at a heating rate of 20oC per min. Under these conditions, carbon 

black alone loses only 0.60% mass when heated up to 500oC. In contrast, the copolymer 

alone (inset curve) is completely pyrolysed. Thus the observed mass loss at 500oC for 

the copolymer-coated carbon black particles can be attributed to the copolymer content 

(after a small correction for the carbon black mass loss). This direct method for 

determining the adsorbed amount of copolymer is in good agreement with the indirect 

method based on UV spectroscopy (see Figure 2.13). 

 

 

In summary, it is clear that, after a suitable thermal cycle, the PS-PEP diblock 

copolymer forms small, well-defined micelles in n-alkanes at 20oC and that such 

micelles adsorb onto carbon black particles under these conditions. This behaviour 

offers a benefit since it is likely to enhance the degree of dispersion of any diesel soot 
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that may be present in the engine oil. However, it is emphasised that this situation might 

not necessarily be the case at the typical diesel engine operating temperature of 100-

110oC, since under these conditions a significant proportion of molecularly-dissolved 

copolymer chains appear to be present, in addition to solvent-swollen micelles. This 

latter scenario may well favour unimer adsorption over micelle adsorption, but the high 

temperature adsorption studies required to explore this hypothesis are beyond the scope 

of the present work. 

 

Conclusions 

 

TEM studies confirm that the commercial PS-PEP diblock copolymer used in this work 

forms large polydisperse colloidal aggregates when dissolved directly in n-alkanes at 

20oC. However, a single heating cycle breaks up these ill-defined aggregates, leading to 

the formation of well-defined, near-monodisperse spherical micelles on cooling. DLS 

studies provide good evidence for the co-existence of micelles and dissolved copolymer 

chains (unimers) at elevated temperature. Variable temperature 1H NMR studies are 

consistent with the latter observations, since partial solvation of the core-forming 

polystyrene chains is observed above 50oC. These results are also consistent with SAXS 

studies, which indicate the presence of molecularly dissolved copolymer chains in 

chloroform (data not shown), formation of well-defined spherical star-like micelles in 

either n-heptane or n-dodecane after a single heating cycle and large, mixed 

morphology aggregates when the PS-PEP diblock copolymer is dissolved directly in 

such n-alkanes without any thermal conditioning. Moreover, a pronounced broad feature 

at low q is consistent with weakly interacting micelles, as previously suggested by 

Stejskal and co-workers.15 This interaction is most likely to be the result of 

interpenetration of the star-like micelles above their critical overlap concentration, 

rather than being due to inter-micelle attractive forces.44  

 

XPS studies confirm that the PS-PEP diblock copolymer adsorbs onto carbon black 

particles at 20oC. The extent of adsorption can be assessed using a UV spectroscopy-

based supernatant depletion assay. If a non-selective solvent such as chloroform is 

utilised, then the adsorbed amount is relatively low (Γ ~ 1.8 mg m-2). However, 

significantly higher adsorbed amounts (Γ ~ 3.5 mg m-2) are obtained for copolymer 
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adsorption from n-heptane and a classical Langmuir-type isotherm is observed. This 

suggests micellar adsorption, rather than unimer adsorption, and is consistent with direct 

determination of the adsorbed copolymer content by thermogravimetry. These results 

are consistent with TEM observations of copolymer micelles in co-existence with 

carbon black particles when working above the ‘knee’ of the adsorption isotherm. It is 

also noteworthy that the original fractal morphology of the carbon black substrate is 

substantially disrupted under these optimised conditions: its degree of dispersion is 

close to its primary grain size indicated by BET surface area measurements. This study 

has enhanced our understanding of the performance of this commercial diblock 

copolymer when it is utilised as a diesel soot dispersant in engine oil formulations. 
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Introduction  

 

It is well-documented that soluble polymers can influence the stability of colloidal 

dispersions via four different mechanisms: bridging flocculation, steric stabilisation, 

depletion stabilisation and depletion flocculation.1 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12 The mechanism 

depends on the precise system and also on the polymer concentration. For example, 

bridging flocculation is normally associated with a relatively low polymer 

concentration, whereas steric stabilisation or depletion effects are usually observed at 

higher polymer concentrations.11, 13, 14 The first two mechanisms are particularly 

pertinent to the present study. 

 

Ruehrwein and Ward first proposed the principle of bridging flocculation in 1952.1 This 

phenomenon is now widely used for papermaking,15 water treatment,16 industrial 

effluent treatment,17 and mining industries18 to obtain efficient solid–liquid 

separations.19 High molecular weight polymers have been shown to be particularly 

efficient bridging flocculants.20 If the dimensions of the polymer chains are sufficiently 

large, then adsorption onto two or more particles can occur, see Figure 3.3a. This 

bridging aids particle aggregation, with strong kinetic effects being well-documented.7, 

21, 22 La Mer and Healy23 reported that the degree of flocculation depended on both 

polymer molecular weight and dosage for the adsorption of polyacrylamides on calcium 

phosphate particles in aqueous media. Specific interactions such as hydrogen bonding 

have been demonstrated to enhance the extent of bridging flocculation.24, 25 It is also 

well-documented that increasing the polymer concentration can lead to initial bridging 

flocculation being superseded by steric stabilisation.26, 27 There are many literature 

reports of bridging flocculation based on the addition of high molecular weight water-

soluble polymers such as poly(ethylene oxide) or polyacrylamide or poly(N-

vinylpyrrolidone) to either silica sols or polystyrene latex in aqueous media.4, 25, 28, 29 

However, there appear to be rather few studies of bridging flocculation in non-aqueous 

media.30, 31 A rare example here is an early study by Hiemenz et al., who examined the 

kinetics of flocculation resulting from the adsorption of polystyrene onto carbon black 

particles from either toluene or cyclohexane.7 
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Steric stabilisation is an important, generic and highly versatile colloidal stabilisation 

mechanism that is applicable for both aqueous and non-aqueous dispersions.11 It has 

been widely utilised for many applications, including the preparation of inks,32 latex 

paints33 and coatings,34 the efficient dispersion of diesel soot in engine oils,35 and for the 

preparation of electrically conducting polymer particles.36, 37, 38, 39, 40 The appropriate 

design of effective steric stabilisers requires an understanding of the interaction of the 

polymeric stabiliser with the particle surface, the continuous phase, and also the 

conformation that the adsorbed polymer chain adopts at the solid/liquid interface.9, 14 In 

particular, the polymeric stabiliser should be strongly adsorbed, provide high coverage 

of the particles and form a thick, well-solvated steric barrier in order to offset the ever-

present attractive van der Waals forces operating between colloidal particles. 

 

Many different copolymer architectures are now accessible via so-called ‘living’ 

polymerisation chemistry, including homopolymers,41, 42 macromonomers,43, 44 

statistical copolymers,13, 45, 46 block copolymers,47, 48, 49 graft copolymers50 and star 

copolymers.51, 52, 53 All of these copolymer architectures have been examined as putative 

steric stabilisers for latex syntheses. The star diblock copolymer architecture is 

particularly relevant to the present study. Such copolymers have been utilised as drug 

carriers,54 thermo-responsive gelators,55,56, 57, 58 or as viscosity modifiers in engine oil 

formulations.59, 60 The synthesis of star diblock copolymers has been achieved using 

anionic polymerisation,52 atom transfer radical polymerisation61 and reversible addition-

fragmentation chain transfer (RAFT) polymerisation.62 Alonzo et al.,21 recently reported 

the kinetics of adsorption of PS-PVP star diblocks onto a planar silicon surface from 

toluene. In the present study, we examine the influence of a commercial star diblock 

copolymer on the colloidal stability of carbon black particles in non-polar media (e.g. n-

dodecane). This copolymer comprises relatively long hydrogenated polyisoprene blocks 

as the inner cross-linked core, with relatively short polystyrene chains as the outer 

block. The adsorbed amount of copolymer, Γ, on the carbon black particles was 

determined indirectly via a supernatant depletion assay based on UV spectroscopy and 

also assessed directly by thermogravimetric analysis. Subsequently, the degree of 

dispersion of the carbon black particles was assessed as a function of copolymer 
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concentration using analytical centrifugation, optical microscopy (OM), transmission 

electron microscopy (TEM) and small angle x-ray scattering (SAXS). 

 

Experimental 
 

Materials 

 

The star diblock copolymer used in this work is a commercial product that was supplied 

by BP Formulated Products Technology and was used as received. PAO2 base oil was 

provided by BP Formulated Products Technology and both n-dodecane and n-heptane 

were obtained from Fisher Scientific UK Ltd. Each solvent was used as received. 

Deuterated solvents for NMR studies were obtained from Goss Scientific Ltd, UK and 

were used as received. The carbon black (Regal 250R grade) was kindly supplied by 

Cabot Corporation (Billerica, MA, USA) and was used as received. 

 

Gel permeation chromatography. The molecular weight distribution of the star 

diblock copolymer was assessed by gel permeation chromatography (GPC) using THF 

eluent. The THF GPC set-up was equipped with two 5 μm ‘Mixed C’ 30 cm columns, a 

Varian 290-LC pump and a WellChrom K-2301 refractive index detector operating at 

950 ± 30 nm. The THF mobile phase contained 2.0 v/v% triethylamine and 0.05 w/v% 

butylhydroxytoluene (BHT) and the flow rate was fixed at 1.0 mL min-1. A series of ten 

near-monodisperse polystyrene standards (Mn = 580 to 552,500 g mol−1) were used for 

calibration. 

 

Dynamic Light Scattering (DLS). Hydrodynamic diameters were measured at 25°C 

using a Malvern Zetasizer NanoZS model ZEN 3600 instrument equipped with a 4 mW 

He−Ne solid-state laser operating at 633 nm. Back-scattered light was detected at 173°, 

and the mean particle diameter was calculated from the quadratic fitting of the 

correlation function over 30 runs of 10 seconds duration. All measurements were 

performed three times and data were analysed using cumulants analysis of the 

experimental correlation function using Dispersion Technology Software version 6.20. 

Sample dilution of 0.01 wt% used throughout.. 
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Transmission electron microscopy. Studies were conducted using a Phillips CM100 

microscope operating at 100 kV on unstained samples prepared by drying a drop of 

dilute sample (approximately 0.01 wt%) on a carbon-coated copper grid.  

 

Small-angle X-ray scattering (SAXS) studies 

SAXS patterns were collected at a synchrotron source (Diamond Light Source, station 

I22, Didcot, UK) using monochromatic X-ray radiation and a 2D Pilatus 2M CCD 

detector (wavelength  = 0.10 nm, camera length = 10 m, which gives a q range from 

0.011 nm-1 to 1.33 nm-1, where 


 sin4
q  is the length of the scattering vector and   is 

half of the scattering angle). A liquid cell comprising two mica windows each of 25 μm 

thickness attached by an adhesive double-sided tape to both sides of a polycarbonate 

washer of 1 mm thickness was used as a sample holder. The carbon black dispersions 

were loaded to the partially assembled cell (a mica window attached to one side of the 

washer) and then the dispersion was sealed in the cell by attaching the second mica 

window to the washer. In order to avoid sedimentation of the carbon black on the time 

scale of the SAXS experiments, the loaded liquid cell was continuously rotated by a 

motor. Scattering data were reduced (i.e., integrated, normalized and background-

subtracted) by Dawn software developed at Diamond Light Source and were further 

analysed using Irena SAS macros for Igor Pro63. 

 

1H NMR spectroscopy. The mean polystyrene content of the diblock copolymer 

dissolved in a non-selective solvent (CDCl3) was determined using a Bruker AV1-250 

MHz NMR spectrometer (64 scans per spectrum). Variable temperature spectra were 

recorded between 25oC and 100oC using d26-dodecane using a Bruker AV1-400 MHz 

NMR spectrometer (32 scans per spectrum). 

 

UV spectroscopy. UV spectra were recorded at 20oC for the diblock copolymer 

dissolved in n-dodecane using a Perkin Elmer Lambda 25 instrument operating between 

200 and 500 nm. A linear calibration curve was constructed for the same copolymer 

dissolved in pure chloroform at a fixed wavelength of 262 nm, which corresponds to the 

aromatic chromophore of the polystyrene block. This gave a molar extinction 
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coefficient of 222 ± 2 mol-1 dm3 cm-1, which is close to the literature value reported for 

polystyrene.64 

 

Copolymer adsorption onto carbon black via supernatant depletion assay using 

UV spectroscopy. The desired mass of diblock copolymer (3.0-90.0 mg) was weighed 

into a glass vial and carbon black (300.0 mg) was weighed into a separate vial. Then n-

dodecane (5.00 mL) was added, following by stirring at 20oC (Turrax stirrer, 1 minute, 

2500 rpm). The resulting star copolymer dispersion was added to the pre-weighed 

carbon black, stirred (Turrax stirrer, 1 minute, 2500 rpm), sonicated for 1 h, then left on 

a roller mill for 16 h overnight. The resulting dispersion was centrifuged for 4 h at 

18,000 rpm in a centrifuge rotor that was pre-cooled to 15oC so as to minimise solvent 

evaporation. Taking care not to disturb the sedimented carbon black particles, the 

supernatant was decanted into an empty vial and then 0.80 mL of this solution was 

analysed by UV spectroscopy. The aromatic chromophore at 262 nm due to the 

polystyrene block was used to quantify the copolymer concentration remaining in the 

supernatant after exposure to the carbon black, thus enabling the adsorbed amount to be 

determined by difference. 

Thermogravimetric analysis. Analyses were conducted on the pristine star diblock 

copolymer, carbon black alone and star copolymer-coated carbon black particles. Each 

sample was heated under a nitrogen atmosphere up to 800oC at a heating rate of 10oC 

min-1 using a Q500 TGA instrument (TA Instruments). The mass loss observed between 

300 and 500oC was attributed to complete pyrolysis of the diblock copolymer, with the 

remaining incombustible residue being attributed to carbon black. 

 

Analytical centrifugation. Carbon black aggregate diameters were determined using a 

LUMiSizer® analytical photocentrifuge (LUM GmbH, Berlin, Germany) at 20oC. 

Measurements were conducted on 10 wt% carbon black dispersions in either n-

dodecane or d26-dodecane at 200-4000 rpm using 2 mm path length polyamide cells. 

The particle density is an essential input parameter for analytical centrifugation studies. 

In the present case, the effective carbon black density is significantly reduced because 

of the presence of the adsorbed star copolymer. Thus this parameter was determined 
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using Stokes’ law by performing LUMiSizer® analyses in both n-dodecane and d26-

dodecane (see later for further details). The LUMiSizer® is a microprocessor-controlled 

analytical centrifuge and is particularly convenient for the analysis of diblock 

copolymer-stabilised carbon black dispersions described in this work, since it allows 

simultaneous characterisation of multiple dispersions in organic solvents over a wide 

range of operating temperature (4oC to 60oC). The LUMiSizer® employs STEP™-

Technology (Space- and Time-resolved Extinction Profiles) allowing the measurement 

of the intensity of transmitted light as a function of time and position over the entire cell 

length simultaneously. The progression of these transmission profiles contains 

information on the rate of sedimentation and, given knowledge of the particle density, 

enables assessment of the particle size distribution.  

 

Optical Microscopy. 10 wt% carbon black dispersions were placed on a microscope 

slide and covered with a cover slip. Digital images were recorded using a Motic 

DMBA300 digital biological microscope equipped with a built-in camera and Motic 

Images Plus 2.0 ML software. 

 

Viscometry. These studies were conducted using an Ostwald viscometer immersed in a 

water bath at 20oC. Each measurement was repeated five times and the data were 

averaged. The solution viscosity was calculated from the viscosity of a known solvent. 

 

Results and Discussion 
 

Star Diblock Copolymer Characterisation 

 

THF GPC analysis of the commercial star diblock copolymer used in this study 

indicated an Mn of 384,000 g mol-1 and an Mw/Mn of approximately 1.40 (expressed 

relative to a series of near-monodisperse polystyrene calibration standards) (see Figure 

3.1). Such copolymers can be prepared by anionic polymerisation via the ‘arm-first 

method’ using sequential monomer addition.60 Thus styrene was polymerised first, 

followed by isoprene and the divinylbenzene cross-linker. Based on formulations 

disclosed in the patent literature,60 it is estimated that each star comprises approximately 

eight diblock copolymer arms. According to 1H NMR analysis conducted in CDCl3 (see 
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Figure 3.1), there was little or no evidence for unsaturated vinyl groups on the 

polyisoprene chains, which suggests that the copolymer had been subjected to catalytic 

hydrogenation.65  

 

 

 

 

Figure 3.1. GPC analysis (20oC in THF, calibration with monodisperse polystyrene 

standards, RI detector) and 1H NMR analysis of star diblock copolymer (CDCl3, 20oC) 

to determine a polystyrene content of approximately 6 mol%. 

 

 



Chapter 3 – Star diblock copolymer concentration dictates the degree of dispersion of 

carbon black particles in non-polar media: bridging flocculation versus steric 

stabilisation 
 

107 

 

Integrating the assigned signals in the same 1H NMR spectrum enables the mean 

polystyrene content of this star diblock copolymer to be calculated as approximately 6 

mol%. These relatively short blocks comprise the outer arms of the star copolymer and 

are expected to be rather poorly solvated in n-alkanes.66 Hence a micellar gel network is 

formed at relatively high copolymer concentrations (see Figure 3.2). At lower 

copolymer concentrations, this star copolymer acts as a viscosity modifier (or 

thickener), which is its primary function as an additive in commercial engine oils.60 In 

the context of the present work, when the star copolymer is added to carbon black 

particles in n-alkanes, it is assumed that the polystyrene blocks act as ‘stickers’ that aid 

copolymer adsorption onto the carbon black (see Figure 3.3), which is known to be a 

useful mimic for diesel engine soot (see Chapters 1 and 5).35, 67, 68, 69, 70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Digital images and schematic cartoon depicting the gel network formation 

of star diblock copolymer at high concentration (20 wt%, n-dodecane, 20oC). 
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Figure 3.3. Schematic representation of the two roles played by the star diblock 

copolymer in the presence of a model colloidal substrate in non-polar media: (a) 

bridging flocculant and (b) steric stabiliser. In practice, the carbon black particles 

utilised in this study exhibit a complex fractal morphology, rather than the simple 

spherical morphology depicted in this Figure. 
 

  

Star Diblock Copolymer Adsorption onto Carbon Black Particles 

 

As outlined in Chapter 2, BET surface area analysis (N2 adsorbate at 77 K) indicated a 

specific surface area of 43 m g-1 for carbon black. Combined with a solid-state density 

of 1.89 g cm-3 determined by helium pycnometry, this suggests a mean sphere-

equivalent diameter of approximately 74 nm, which corresponds to the mean grain size 

for this particular carbon black. As in Chapter 2, the extent of copolymer adsorption 

onto this model colloidal substrate from n-dodecane at 20oC was examined indirectly 

using a supernatant depletion assay based on UV spectroscopy, after centrifugal 

sedimentation of the relatively dense carbon black particles. Here the polystyrene block 

acts as a convenient aromatic UV chromophore, since it gives rise to a strong signal at 

262 nm and a highly linear Beer-Lambert law plot (see inset in Figure 3.4). In this case, 

and in contrast to the method used in Chapter 2, the supernatant assay was performed 

directly in n-dodecane since there was negligible scattering from the molecularly 
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dissolved copolymer. An adsorption isotherm was constructed using this protocol, see 

Figure 3.4. 

 

Figure 3.4. Low-affinity Langmuir-type adsorption isotherm obtained at 20oC for the 

star diblock copolymer adsorbed onto carbon black from n-dodecane, as determined 

using a supernatant depletion assay based on UV spectroscopy. The insets show the 

Beer-Lambert calibration plot used to determine the star copolymer concentration in 

each supernatant and the original UV spectra used to construct this calibration plot. 

 

 

 

Langmuir-type adsorption is observed, as generally expected for polymer adsorption.71 

The maximum adsorbed amount of copolymer, Γ, (corresponding to monolayer 

coverage) can be calculated from the linear form of the Langmuir equation.72 This 

parameter was found to be somewhat solvent-dependent, with Γ values of 2.2 ± 0.1, 3.1 

± 0.1 and 2.1 ± 0.1 mg m-2 being obtained for n-dodecane, n-heptane and PAO2 base oil 

respectively, see Figure 3.5. These adsorbed amounts are relatively high for merely 

physical adsorption.73 
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Figure 3.5. Adsorption isotherms obtained for star diblock copolymer adsorbed onto 

carbon black from n-heptane, n-dodecane and PAO2 base oil (after heating to 90oC for 

1 h) at 20oC, as determined using a UV spectroscopy-based supernatant depletion assay. 

Adsorbed amounts determined via gradients from linear isotherms. A higher affinity 

isotherm is observed in n-heptane (Γ = 3.1 ± 0.1 mg m-2) versus n-dodecane (Γ = 2.2 ± 

0.1 mg m-2) and PAO2 base oil (Γ = 2.1 ± 0.1  mg m-2). 
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In addition, thermogravimetric analysis (TGA) was used to determine the amount of 

adsorbed copolymer on the carbon black surface from n-dodecane (see Figure 3.6). A 

control experiment confirmed that minimal mass loss (~ 0.73%) occurred for carbon 

black particles alone on heating up to 500oC under an inert atmosphere. In contrast, the 

star diblock copolymer was fully pyrolysed under these conditions (see inset 

thermogram in the same Figure). Thus pyrolysis of the copolymer-coated carbon black 

particles (isolated as compacted sediments after centrifugation) allowed the adsorbed 

amount of copolymer to be determined. A series of thermograms are shown in Figure 

3.6; higher mass losses are observed at 500oC as the initial copolymer concentration is 

gradually increased. 

 

Figure 3.6. Thermogravimetric curves obtained for the adsorption of increasing 

amounts of star diblock copolymer onto carbon black particles from n-dodecane at 

20oC. Analyses were performed under a nitrogen atmosphere at a heating rate of 10oC 

per min. Under these conditions, carbon black loses only 0.73% by mass when heated 

up to 500oC. In contrast, the star diblock copolymer (see inset curve) is completely 

pyrolysed under these conditions. Thus the observed mass loss at 500oC for star diblock 

copolymer-coated carbon black particles can be attributed to the copolymer content 

(after correcting for the carbon black mass loss). This direct method for determining the 

adsorbed amount of star diblock copolymer is in reasonably good agreement with the 

indirect supernatant assay method based on UV spectroscopy (see isotherm, Figure 3.7). 
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Adsorption isotherms constructed using each technique are shown in Figure 3.7. When 

assessed using TGA, the apparent adsorbed amount continues to increase beyond the 

monolayer coverage value indicated by UV spectroscopy. This is because the star 

diblock copolymer is not completely molecularly dissolved in n-dodecane. Indeed, DLS 

studies indicate some degree of self-association occurs in dilute solution under these 

conditions, which is presumably mediated by attractive forces between the partially 

solvated polystyrene chains. As discussed in Chapter 2, control experiments confirm 

that a minor fraction of the star diblock copolymer can be sedimented under the 

centrifugation conditions used to isolate the carbon black particles. This means that the 

technique should be reliable below (and up to) monolayer coverage, since there is 

essentially no excess copolymer in the supernatant in this regime. However, it will tend 

to overestimate the adsorbed amount of copolymer when this is present in excess. 

Similarly, the supernatant depletion assay based on UV spectroscopy must 

underestimate the adsorbed amount above monolayer coverage. 

 

Figure 3.7. Adsorption isotherms obtained for star diblock copolymer adsorbed onto 

carbon black from n-dodecane (after heating to 110oC for 1 h) at 20oC, as determined 

using a UV spectroscopy-based supernatant depletion assay (red) and directly via TGA 

analysis (blue).  
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Figure 3.8. Representative TEM images obtained for carbon black particles in the 

presence of 5-20% w/w star diblock copolymer in n-dodecane. The corresponding 

optical microscopy images recorded for these four dispersions are also shown; these 

images confirm that a much greater degree of dispersion is obtained at higher 

copolymer concentration. This is because the star diblock copolymer switches from 

acting as a bridging flocculant to acting as an effective steric stabiliser at a certain 

critical concentration (see Figure 3.3). 
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Star Diblock Copolymer Adsorbed Carbon Black particles 

 

 

Optical microscopy, TEM and analytical centrifugation were used to determine the 

boundary between bridging flocculation and steric stabilisation of the carbon black 

particles as a function of copolymer concentration (see Figures 3.8 and 3.9). Inspecting 

Figure 3.8, large agglomerates can be observed at 5.0 % w/w copolymer based on 

carbon black. OM and TEM are sensitive to different length scales: the former 

technique is sensitive to the presence of strongly light-absorbing micron-sized carbon 

black mass fractals, whereas the latter technique enables the population of well-

dispersed submicron-sized carbon black ‘fines’ to be visualised. At (or above) 10 % 

w/w copolymer, a few large agglomerates are still present, but mainly smaller 

aggregates are observed along with some primary particles, suggesting reasonably 

stable dispersions.  

 

 

At lower copolymer concentrations, it is postulated that the star copolymer adsorbs 

simultaneously onto multiple carbon black particles via its outer polystyrene blocks, 

thus promoting bridging flocculation.74 At higher copolymer concentrations, the star 

copolymer instead acts as a steric stabiliser, resulting in colloidally stable carbon black 

dispersions (see Figure 3.3b). This behaviour differs qualitatively from that reported to 

a hydrogenated polyisoprene-polystyrene linear diblock copolymer, for which only 

steric stabilisation is observed via micellar adsorption (see Chapter 2). However, it can 

be dangerous to infer too much regarding the apparent degree of dispersion of particles 

using post mortem TEM studies, because drying artefacts can sometimes occur. Thus 

selected carbon black dispersions were also characterised using analytical centrifugation 

(see below) and SAXS (see later). 
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Figure 3.9. Representative optical microscopy images obtained for carbon black 

dispersions prepared using 1-9 % w/w star diblock copolymer in n-dodecane at 20oC. 

The corresponding particle size distributions (and mean volume-average particle 

diameters) determined via analytical centrifugation (LUMiSizer® instrument) are also 

shown for each dispersion. 
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Effective Density 

 

In order to calculate a particle size distribution via analytical centrifugation, an accurate 

particle density is required. Details of the calculation of such an effective particle 

density for copolymer-adsorbed carbon black particles, plus errors associated with such 

a calculation are covered in Chapter 4, but are also briefly covered here for reference. 

The solid-state density of carbon black has been determined to be 1.89 g cm-3, as judged 

by helium pycnometry, see Chapter 2. However, its effective particle density in the 

present case is significantly reduced, because the density of the solvated layer of 

adsorbed copolymer chains is comparable to that of the solvent, which is much less 

dense than carbon black. Thus Stokes’ law was utilised in order to determine the 

effective particle density.75 In principle, centrifugation of two copolymer-adsorbed 

carbon black dispersions prepared in two comparable solvents with differing densities 

and viscosities (in this case, n-dodecane and d26-dodecane) should produce two different 

particle velocities v
1 (or v

2
), see equations 1 and 2 below. 

𝑣1 =
(𝑝−𝐹,1).𝑋2.𝜔2

18 .1

 . 𝑟                                     (1) 

 

𝑣2 =
(𝑝−𝐹,2).𝑋2.𝜔2

18 .2

 . 𝑟                                     (2) 

Here ρ
P is the effective particle density, ρ

F,1 
is the fluid (solvent) density, 

1
 (or 

2
) is 

the viscosity of the continuous phase, ω is the angular velocity, X is the diameter of the 

particles and r is the position of the measurement taken. Combining equations 1 and 2 

to eliminate the experimental constants X, ω, r and rearranging terms leads to an 

expression for the effective density of the copolymer-coated carbon black particles, ρ
p
, 

see equation 3. 


P

=
(𝑣112−𝑣221)

(𝑣11−𝑣22)
                                        (3) 

Unfortunately, the solution dynamic viscosity of d26-dodecane (in this formalism, 
2
) is 

not available in the literature. Thus Ostwald (capillary) viscometry was used to 

determine the kinematic viscosity, 𝜐, of d26-dodecane relative to that of n-dodecane at 
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20oC (see Table 3.1). The kinematic viscosity was converted to the corresponding 

dynamic viscosity using equation 4. 

𝜐 =
𝜇

𝜌
                                                              (4) 

Here 𝜐 is the kinematic viscosity, 𝜇 is the dynamic viscosity and 𝜌 is the solvent 

density. Using this approach, the dynamic viscosity of d26-dodecane was calculated to 

be 1.44 mPa.s. This experimental value agrees exceptionally well with that determined 

using an empirical relationship derived by Lutskii for the relative viscosities of 

deuterated n-alkanes compared to the equivalent protonated compounds (1.44 mPa.s).76, 

77 

Measurement 

Number 
Time taken for 

n-dodecane descent (s) 
Time taken for 

d26-dodecane descent (s) 
1 189 177 
2 190 177 
3 189 178 
4 189 180 
5 189 178 

Mean time 189 178 

 

Table 3.1. Ostwald viscometry measurements for n-dodecane and d26-dodecane at 20oC. 

The ratio of these mean times indicates a d26-dodecane/n-dodecane kinematic viscosity 

ratio of 0.94. Given a kinematic viscosity of 1.78x10-6 m2/s for n-dodecane, this 

suggests a kinematic viscosity of 1.67x10-6 m2/s for d26-dodecane. 

 

Using equation 3, an effective particle density, ρ
p
, of 0.98 ± 0.01g cm-3 was estimated 

for star copolymer-stabilised carbon black particles dispersed in n-dodecane at 20oC 

prepared using 10 % w/w copolymer based on carbon black (see below for details; these 

conditions were selected since they correspond  to approximately monolayer coverage 

of the carbon black particles – see Figure 3.4). 

(0.3407 x 0.00134 x 864) − (0.1801 x 0.00145 x 781)

(0.3407 x 0.00134) − (0.1801 x 0.00145)
= 975 𝑘𝑔 𝑚−3 

 

 =  0.98 𝑔 𝑐𝑚−3 

 

This appears to be a reasonable value, since it enables a mean volume-average diameter 

of 70-75 nm to be calculated for these sterically-stabilised carbon black particles via 

analytical centrifugation. This size appears to be physically realistic because it is close 
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to the mean grain size for carbon black, which is estimated to be around 74 nm by BET 

surface area analysis (see Chapter 2). All particle size distributions determined by 

analytical centrifugation in this study were calculated using the above effective particle 

density. Clearly, this approximation most likely introduces systematic errors when 

working in solvents other than n-dodecane, especially at temperatures other than 20oC 

and copolymer concentrations other than 10 % w/w. However, determination of 

effective particle densities under all of these conditions was beyond the scope of this 

work. 

 

To assess the precise location of the flocculation/dispersion boundary in a given solvent, 

analytical centrifugation was used to determine mean diameters for the carbon black 

aggregates. In this context, a smaller apparent size indicates a higher degree of 

dispersion. In principle, analytical centrifugation can be used to assess the relative 

populations of both the micron-sized agglomerates (mass fractals) and also the 

submicron-sized aggregates/primary particles. Figure 3.9 compares the optical 

micrographs obtained for copolymer-stabilised carbon black dispersions in n-dodecane 

with the equivalent analytical centrifugation particle size distribution plots. The 

flocculation/dispersion boundary is discernible at around 5-6 % w/w copolymer for both 

techniques. The average floc size increases as this critical concentration is approached, 

presumably as initial aggregates combine to form larger agglomerates.  Indeed, the 

bimodal distribution observed at 3 % w/w copolymer via analytical centrifugation 

provides some evidence for the co-existence of these two species. Similarly, the 

bimodal size distribution observed at 6.0 % w/w copolymer (i.e. just beyond the 

flocculation/dispersion boundary) indicates the presence of a few remaining carbon 

black agglomerates together with a major population of rather smaller aggregates. 

Finally, at 8-9 % w/w copolymer, the mean carbon black particle size is close to the 

mean grain size of 74 nm indicated by BET studies (see Chapter 2). 

Compared to related techniques such as disk centrifuge photosedimentometry, one 

important advantage of the LUMiSizer® instrument is that it enables experiments to be 

performed over a wide range of temperature, rather than just ambient temperature. 

Accordingly, similar copolymer concentration-dependent studies were conducted using 



Chapter 3 – Star diblock copolymer concentration dictates the degree of dispersion of 

carbon black particles in non-polar media: bridging flocculation versus steric 

stabilisation 
 

119 

 

n-heptane, n-dodecane or PAO2 base oil at 4, 20 and 60oC. Inspecting Figure 3.10, the 

critical copolymer concentration corresponding to the flocculation/dispersion phase 

boundary is more or less independent of temperature. However, this parameter is clearly 

solvent-dependent, being around 7-8 % w/w for n-heptane, 5-6 % w/w for n-dodecane 

and approximately 6-7 % w/w for PAO2 base oil. As stated above, a somewhat higher 

affinity adsorption isotherm is observed for n-heptane compared to that found for n-

dodecane and PAO2 base oil (see Figure 3.5). Using these three Γ values, the critical 

fractional coverage, θc, corresponding to the flocculation/dispersion boundary was 

calculated for each solvent. For n-heptane, n-dodecane and PAO2, θc is estimated to be 

0.48 ± 0.01, 0.45 ± 0.02 and 0.60 ± 0.02, respectively. The difference in θc for the first 

two solvents is within experimental error, whereas the higher fractional coverage 

observed for the PAO2 suggests a somewhat higher degree of solvation for the star 

copolymer in this base oil. Returning to Figure 3.10, higher dispersion stabilities (as 

judged by smaller apparent particle diameters) were always observed at 4oC compared 

to those at 20oC, whereas poorer stabilities were universally obtained at 60oC. To 

examine whether the star diblock copolymer alone exhibits temperature sensitivity, 

variable temperature 1H NMR studies were performed from 25oC to 100oC for this 

copolymer dissolved in d26-dodecane (Figure 3.11). An apparent polystyrene content of 

3.2 ± 0.2 mol% was observed at 25oC. As stated earlier, 1H NMR analysis in CDCl3, 

which is a good solvent for both the polystyrene and hydrogenated polyisoprene blocks, 

indicates that the actual polystyrene content of this copolymer is 6 mol %. This 

observation indicates that the outer polystyrene blocks of the star copolymer are only 

partially solvated (see Figure 3.1). This is consistent with the ability of this non-linear 

copolymer to act as an effective bridging flocculant. However, there is surprisingly little 

change in the apparent polystyrene content of this copolymer with temperature. 

 

The temperature-dependent intrinsic viscosity of a polyisobutylene succinimide (PIBSI) 

dispersant was studied by Won et al.68 These authors found that raising the temperature 

caused a reduction in solvation of the PIBSI chains. This compromises the efficiency of 

this dispersant in preventing the agglomeration of carbon blacks in n-alkanes at elevated 

temperature. In the context of the present work, it is hypothesised that hydrogenated 

polyisoprene chains may also become less solvated at higher temperatures, which would 
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account for the inferior dispersion stability observed in the LUMiSizer® experiments 

performed at 60oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Concentration dependence of the mean volume-average diameter for 

dispersions of carbon black particles dispersed in (a) n-dodecane, (b) n-heptane and (c) 

PAO2 base oil in the presence of star diblock copolymer, as determined via analytical 

centrifugation (LUMiSizer® instrument) at 4oC, 20oC and 60oC. 
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Figure 3.11. Partial 1H NMR spectra recorded for the star diblock copolymer in d26-

dodecane on heating from 25oC to 100oC, followed by cooling to 25oC. The appearance 

of aromatic signals is attributed to partial solvation of the polystyrene outer arms of the 

star diblock copolymer. The apparent polystyrene content (in mol %) of the star diblock 

copolymer is indicated at the right-hand side of each spectrum; the actual polystyrene 

content is ~ 6 mol %. 

 

 

SAXS analysis 

 

It is well known that the structural morphology of carbon black (and diesel soot) 

particles can be described as a  complex hierarchy composed of five species: fractal 

agglomerates (1) at the micron length scale, aggregates (2) and primary particles (3) at 

the nm scale, sub-units (4) (a turbostratic structure comprising graphite-like layers 

arranged in non-aligned basal planes) at the sub-nm scale, and finally graphite-like 

carbon layers (5) at the atomic scale.78, 79, 80, 81, 82 The first three structural levels can be 

analysed by SAXS/USAXS (ultrasmall-angle X-ray scattering), while the other two 

levels can be characterised using wide-angle X-ray scattering (WAXS). The primary 

particles are fused together to form aggregates that are considered to be unbreakable via 
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dispersion processes,81 but the larger hierarchical structures can be affected by the 

processing conditions.78, 83, 84 Thus SAXS/USAXS measurements are often employed 

for characterisation of carbon black/soot dispersions in order to obtain structural 

information about organisation of the aggregated particles.81, 84, 85 In this context, the 

unified Guinier plus power law approach proposed by Beaucage is commonly 

employed,86, 87, 88 since it enables an arbitrary number of interrelated structural features 

at various length scales to be described.81, 89 The scattering profile is decomposed into 

the scattering intensity, I(q), arising from each structural element comprising the 

hierarchical structures. It can be expressed analytically as follows: 
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where N is the number of structural elements/levels, and the scattering intensity 

originating from each structural element/level (i.e., the expression enclosed by the 

square brackets) is represented as the sum of two components describing the Guinier 

and power laws, respectively. Gi is the Guinier pre-exponential factor of the ith 

structural element and Bi is a constant that is characteristic of the type of power-law 

scattering, as defined by the regime in which the exponent Pi falls. Rg, i and Rg, i+1 are 

radii of gyration of a large-scale structure and a small-scale substructure, respectively. 

The exponent term associated with Rg, i+1 provides a high q cut-off for the power law 

component, which is incorporated into equation 5 in order to describe scattering from a 

system with inter-related multi-scale features. This factor is commonly used for mass 

fractals.63, 87 If the latter is not required, the exponent term is assumed to be unity. Pi is a 

scaling exponent of the power law assigned to the larger structure Rg, i. Generally, the 

value of the exponent enables the structural morphology to be classified. Thus for mass 

fractals Pi < 3, for surface fractals 3 < Pi < 4, for Porod's law (smooth surface with a 

sharp interface) Pi = 4 and for diffuse interfaces Pi > 4 (negative Porod's law deviation). 

ki is an empirical constant that has either a value of unity for steep power law decays (Pi 

> 3) or 1.06 for mass fractals (1.5 < Pi < 3).87 Weakly-correlated particles can also be 
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considered using equation 5 by incorporating a structure factor, Si(q),88, 90 which 

comprises a damped spherical correlation of colloidal particles: 

                                                1

,
)](1[)( 

icii
qRfqS                                            (6) 

where 3

,,,,,
)/()]cos()[sin(3)(

icicicicic
qRqRqRqRqRf  is the form factor for spherical 

interactions correlated over a distance Rc and  describes the degree of correlation, 

which is assumed to be weak if  < 3. If no correlations are present for the ith structural 

element/level then 1)( qS
i . The multi-level unified fit, equation 5, is implemented as a 

routine in the SAXS data analysis software Irena SAS macros for Igor Pro.63 

 

Figure 3.12. Representative SAXS patterns recorded for a 1.0 % w/w carbon black 

dispersion in n-dodecane alone (circles), in n-dodecane at two star diblock copolymer 

concentrations (5.0 % w/w based on carbon black, squares; 10.0 % w/w based on 

carbon black, triangles). Dashed lines indicate the power law gradient of the scattering 

intensity. Solid black lines show multi-level unified fits to the data. Coloured lines 

indicate unified fits to the mass fractals (blue), and the Guinier components of the 

unified fits to both the agglomerates (red) and the primary particles (green). 
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Three hierarchical structures can be identified in the SAXS pattern recorded for the 

original carbon black dispersed in n-dodecane (see Figure 3.12, the lowest pattern). By 

analogy with previous work,85 the SAXS intensity gradient of -2.3 for q < 0.03 nm-1 is 

associated with mass fractals formed by carbon black aggregates and the corresponding 

gradient of -3.8 for 0.1 nm-1 < q < 0.2 nm-1 is assigned to surface fractals of the 

aggregates. Primary particles can be clearly identified as an upturn in SAXS intensity at 

q ~ 0.3 nm-1 via a Porod plot (see lowest pattern in Figure 3.13). Thus SAXS patterns 

obtained for the original carbon black dispersion in n-dodecane can be interpreted in 

terms of scattering from primary particles (level 3), aggregates of these primary 

particles (level 2) and mass fractals of the aggregates (level 1), see Table 3.2. 

 

 

Star diblock 

copolymer 

added 

(copolymer 

mass based on 

mass of 

carbon black) 

Level 1 

(fractals) 
Level 2 

(aggregates) 
Level 3 (primary particles) 

P1 2Rg,2 /nm P2 
2Rg,3 

/nm 
P3 Rc,3 3 

Carbon black 

alone 2.6 96 4.0 13.8 1.9 23 2.0 

1.0 % w/w 2.5 92 4.0 13.4 1.5 23 2.1 

2.0 % w/w 2.6 86 4.0 13.8 1.9 23 2.2 

3.0 % w/w 2.3 42 4.0 14.4 1.8 26 2.2 

4.0 % w/w 2.2 46 4.0 14.8 2.0 24 1.3 

5.0 % w/w 2.2 50 4.1 13.6 2.1 23 1.8 

7.0 % w/w 2.2 56 4.1 14.0 1.8 23 1.4 

8.0 % w/w 2.2 56 4.2 14.8 2.2 23 1.0 

9.0 % w/w 1.9 62 4.3 14.0 2.0 23 1.6 

10.0 % w/w 1.7 52 4.3 14.2 2.1 20 1.8 

 

 

 

 

Table 3.2. Calculated parameters for three hierarchical structures (levels) derived from 

multi-level unified fits to the experimental SAXS patterns recorded for 1.0 % w/w 

carbon black dispersions; the relevant power law exponent (P1, P2 or P3), the size of the 

structural element (2Rg,2 or 2Rg,3), the correlation distance (Rc,3) and the degree of 

correlation (). N.B. Errors in the fitted parameters shown in this Table are within a unit 

of the last digit of the values given. 
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Structural characteristics of the carbon black can be determined by fitting the unified 

model to the scattering patterns (see equation 5). A multi-level unified fit described in a 

previous study81 has been employed for the SAXS analysis in this work. The SAXS 

pattern for the initial dispersion of carbon black in n-dodecane is reasonably well 

described by this model (see the lowest patterns in Figures 3.12 and 3.13). The mean 

primary particle size, 2Rg,3, is 13.8 nm (see Table 3.2, level 3) ,which is comparable to 

data reported in other studies.78, 81, 85 The aggregate size, 2Rg,2 = 96 nm (see Table 3.2, 

level 2) is within the size range observed previously.78 The power law exponent for 

these aggregates, P2 = 4.0 (see Table 3.2) (rather than the value of 3.8 estimated directly 

from the SAXS pattern, Figure 3.12), indicates a smooth electron density distribution at 

the aggregate surface, suggesting that the primary particles that make up these 

aggregates have a relatively smooth interface. It is usually found that the power law 

exponent for the aggregates ranges from 3.4 to 4.0,78, 81, 82, 84, 89 indicating that the 

electron density distribution at the primary particle surface can vary according to the 

synthesis method and processing conditions. The power law exponent of the mass 

fractals formed by the aggregates (see Table 3.2, level 1) corresponds to a fractal 

dimension Dm (or P1) of 2.6. A similar fractal dimension was observed for a diesel soot 

dispersed in acetone.85 Thus the structural morphology of the carbon black particles 

dispersed in n-dodecane can be described as relatively compact mass fractals (see 

Figure 3.14a). It was also found that incorporating an appropriate structure factor into 

the model produced a better fit to the SAXS pattern recorded for the primary particles 

(level 3). Further analysis revealed a weak correlation between the primary particles (3 

< 3, see Table 3.2). The power law exponent calculated for the primary particles, P3, is 

also given in Table 3.2. This parameter is based on the scattering at high q. However, it 

is difficult to interpret such exponents as this region of the scattering pattern is also 

influenced by excess scattering from a smaller hierarchical carbon structure (sub-units 

of ~ 1.5 - 2.0 nm) and also by internal inhomogeneities of carbon particles comprising 

crystalline and amorphous phases.79, 81, 89   
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Figure 3.13. Porod law plots of representative SAXS patterns recorded for 1.0 % w/w 

carbon black dispersions in n-dodecane alone (circles), and in n-dodecane at two star 

diblock copolymer concentrations (5.0 % w/w based on carbon black, squares; 10.0 % 

w/w based on carbon black, triangles). Solid lines indicate multi-level unified fits to the 

experimental data. 
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Figure 3.14. Structural morphologies and associated power law exponents for carbon 

black dispersions: (a) in n-dodecane alone, (b) in n-dodecane plus 5.0 % w/w star 

diblock copolymer, (c) in n-dodecane plus 10.0 % w/w star diblock copolymer. The red 

shell surrounding the aggregates depicts the likely location of the copolymer. 

 

SAXS patterns recorded for the carbon black dispersion in n-dodecane in the presence 

of varying concentrations of the star diblock copolymer differ significantly compared to 

that observed for poorly dispersed carbon black particles alone in this solvent (Figure 

3.12 and Figure 3.13). On increasing the copolymer concentration, the gradient of the 
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scattering intensity associated with the mass fractal dimension increases from -2.3 to -

1.8, while that associated with the aggregate surface structure is reduced from -3.8 to -

4.1 (Figure 3.12). Further structural information is obtained from detailed SAXS 

analysis. The multi-level unified model described by equation 5 produced reasonable 

fits to scattering patterns of the carbon black dispersions containing copolymer (Figure 

3.12 and Figure 3.13). Inspecting Table 3.2, the primary particle size remains 

approximately 14 nm (as found for the carbon black particles alone), with insignificant 

deviations in the other parameters associated with this structural level. These data 

suggest that addition of this copolymer to the carbon black essentially does not affect 

structural morphology associated with the primary particles. In contrast, pronounced 

changes are revealed in the other two structural levels on increasing the copolymer 

concentration. The mean aggregate size is reduced to 40-60 nm (Table 3.2 and Figure 

3.15), which is comparable to the size of the aggregates observed for carbon black 

dispersions in toluene after being subjected to prolonged ultrasonic treatment.81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15. Change in mass fractal dimension, Dm (Dm = P1, Table 3.2) (open squares) 

and radius of gyration of the carbon black aggregates, Rg,2 (filled circles) with 

increasing star diblock copolymer concentration for 1.0 % w/w carbon black dispersions 

in n-dodecane.    
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The characteristic mass fractal dimension is gradually reduced from 2.6 to 1.7 (Table 

3.2 and Figure 3.15). There is also a discernible increase in the power law exponent for 

the aggregates from 4.0 to 4.3 (P2, Table 3.2). This observation is consistent with 

copolymer adsorption (see Figures 3.14b and 3.14c). In this case a copolymer shell of 

relatively low electron density covering electron-dense carbon black aggregates 

produces a diffuse interface between the aggregates and the surrounding environment, 

causing a negative deviation of the scattering intensity gradient from Porod's law, for 

which the gradient is equal to -4.0. Ruland's sigmoidal gradient model can be used in 

order to estimate the diffuse interface thickness associated with a negative deviation 

from Porod’s law:91, 92 

)exp()( 22

4
q

q

K
qI                                         (7) 

where  is the standard deviation of the Gaussian smoothing function related to the 

width of the transition zone, where K is a constant.91 The interface thickness, t, can be 

calculated using 2t .92 SAXS analysis suggests that the most sensitive part of the 

scattering patterns related to the negative deviation of level 2 (Table 3.2, P2 > 4) is in 

the q range from 0.1 nm-1 to 0.2 nm-1 (Figure 3.13).  Fitting Ruland's model to a power 

law function with an exponent of -4.3 within this q range indicates a negative deviation 

corresponding to an interface thickness of approximately 7.5 nm. The radius of gyration 

(Rg) of the star diblock copolymer can be estimated mathematically. The projected 

contour length for both polystyrene and 1,2-polyisoprene repeat units is 0.255 nm (i.e., 

two C–C bonds in an all-trans conformation), the total contour length of one arm of the 

star diblock copolymer (Mn = 384 K, ~ eight arms per star) = 666 × 0.255 nm = 170 nm. 

A mean Kuhn length of 1.72 nm (based on the known literature value for 

polyisoprene93) indicates an unperturbed radius of gyration, Rg = (170 × 1.72/6)0.5, or ~7  

nm. Thus the above adsorbed copolymer layer thickness of 7.5 nm suggests some 

degree of flattening of the star diblock copolymer when adsorbed onto the carbon black 

particles. 

 

The observed changes in structural morphology with increasing copolymer 

concentration can be combined in the following model (see Figure 3.14). Adding > 3.0 

% w/w star diblock copolymer breaks up the carbon black aggregates into smaller 
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aggregates (see Figures 3.14b, 3.14c and 3.15). Simultaneously, the mass fractal 

dimension, Dm, is reduced from 2.6 to 1.7 (see Figure 3.15), suggesting the 

transformation of initially compact carbon black aggregates (see Figure 3.14a) into 

relatively loose aggregates (see Figure 3.14c). Moreover, a thicker adsorbed layer of 

copolymer is clearly formed on the latter aggregates when employing higher copolymer 

concentrations (Figures 3.14b and 3.14c). 

 

Conclusions 
 

In summary, this study demonstrates the value of utilising a range of complementary 

characterisation techniques that offer structural information over a range of length 

scales. Optical microscopy, TEM and analytical centrifugation studies indicate that the 

star diblock copolymer acts as a flocculant for carbon black in n-dodecane at relatively 

low copolymer concentrations, since bridging of the copolymer chains between multiple 

carbon black particles leads to the formation of aggregates and larger agglomerates. 

However, above a certain critical concentration (corresponding to a fractional surface 

coverage of 0.45 to 0.60), bridging is no longer favoured; the star diblock copolymer 

acts as a steric stabiliser for the carbon black particles under these conditions. In this 

latter regime, analytical centrifugation requires knowledge of the effective density of the 

sterically-stabilised carbon black particles, but fortunately this parameter can be 

calculated via Stokes’ law (although not for all experimental conditions studied herein). 

The critical copolymer concentration required for steric stabilisation was found to be 

somewhat solvent-dependent, but surprisingly independent of temperature. 

 

SAXS studies enable three hierarchical structures to be identified for the carbon black 

used in this study. Scattering patterns obtained in n-dodecane can be interpreted in 

terms of scattering from primary particles, aggregates of these primary particles and 

mass fractals of such aggregates. Furthermore, addition of the star diblock copolymer 

does not affect the primary structural morphology associated with the carbon black 

particles. However, pronounced changes are revealed in the other two structural levels 

on increasing the copolymer concentration. The mean aggregate size is reduced along 

with the characteristic mass fractal dimension. There is also an increase in the power 
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law exponent for the aggregates from 4.0 to 4.3. This is consistent with a shell of 

relatively low electron density covering electron-dense carbon black aggregates, which 

hence offers direct evidence for copolymer adsorption. The observed changes in 

structural morphology with increasing copolymer concentration indicate that adding at 

least 3.0 % w/w star diblock copolymer breaks up the carbon black aggregates into 

smaller aggregates, while concomitantly transforming the initially compact carbon black 

aggregates into relatively loose aggregates. Furthermore, SAXS provides direct 

evidence for copolymer adsorption on the carbon black and allows an estimate of the 

adsorbed layer thickness. 
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Introduction 
 

The formation of colloidal aggregates on dissolution of an AB diblock copolymer in a 

solvent that is selective for one of the two blocks was first reported more than fifty 

years ago.1, 2 If the volume fraction of the soluble block is significantly greater than that 

of the insoluble block, then so-called ‘star-like’ spherical micelles are formed in 

solution.3, 4, 5, 6 On the other hand, if the volume fraction of the soluble block is 

appreciably less than that of the insoluble block, then so-called ‘crew-cut’ micelles can 

be obtained.7, 8, 9, 10 There are many papers describing the micellar self-assembly of 

wholly hydrophobic AB diblock copolymers in organic solvents.3, 11, 12, 13, 14, 15 In 

particular, polystyrene-based AB diblock copolymers that form polystyrene-core 

micelles in non-polar solvents such as n-alkanes are well documented.16, 17, 18, 19, 20, 21, 22, 

23 These diblock copolymers can be readily prepared using classical anionic 

polymerisation,24, 25 with the soluble block typically being based on either 

polybutadiene, polyisoprene or their hydrogenated derivatives.17, 18, 19, 26, 27, 28, 29, 30  

 

The adsorption of diblock copolymer micelles onto colloidal particles is well 

documented.31, 32, 33, 34, 35, 36 In Chapter 2 it was shown that a commercial poly(styrene-b-

hydrogenated isoprene) diblock copolymer adsorbs onto carbon black in the form of 

micelles from n-heptane, but as individual copolymer chains from chloroform (which is 

a good solvent for both blocks). In Chapter 3, adsorption of a star diblock copolymer 

onto the same carbon black particles revealed an interesting concentration-dependent 

flocculation/dispersion boundary, in which bridging flocculation was observed at low 

copolymer concentration and steric stabilisation occurred at high copolymer 

concentration. In both cases, carbon black was selected as a colloidal substrate for such 

studies because this material has been shown to be a convenient mimic for diesel soot 

particles.36, 37 The latter are formed during incomplete fuel combustion in diesel engines 

and are known to lead to long-term engine wear and reduced fuel economy.38, 39, 40 Thus 

suitable oil-soluble block copolymers that can minimise diesel soot formation and/or aid 

its dispersion at the nanometer scale are routinely added to engine oil formulations to 

address this problem and hence improve performance. In addition, sterically-stabilised 

carbon black particles are widely used in inkjet formulations41, 42 and also as coatings.43 

Each of these applications requires fine control over the degree of dispersion of the 
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carbon black particles, which is best assessed by determining accurate particle size 

distributions. 

 

In this Chapter, three polystyrene-based diblock copolymers of differing copolymer 

compositions and molecular weights have been investigated. Their micellar self-

assembly behaviour in n-dodecane is examined and the adsorption of these micelles 

onto carbon black particles dispersed in this solvent is studied at 20oC. 

The effective densities of the resulting sterically-stabilised carbon black particles are 

calculated from geometric considerations, assuming (i) a spherical core-shell 

morphology and (ii) that the diblock copolymer micelles form hemi-micelles on the 

carbon black surface. Since the micelle layer thickness is relatively large compared to 

the primary grain size of the carbon black particles, such effective densities are 

significantly lower than that of carbon black alone. Thus this approach is essential for 

determining accurate particle size distributions via analytical centrifugation, since 

otherwise substantial experimental errors are incurred. Analytical centrifugation is 

preferred to traditional particle sizing techniques such as dynamic light scattering: this 

is because fractionation occurs during the measurement, which leads to significantly 

higher resolution. In view of this advantage, the former technique has been utilised for 

the characterisation of a wide range of colloidal dispersions.44, 45, 46, 47, 48, 49, 50, 51, 52, 53 It 

has a wide dynamic range and offers much higher resolution than dynamic light 

scattering or laser diffraction because fractionation occurs during the measurement. 

Thus high resolution particle size distributions can be obtained provided that the density 

of the particles and the continuous phase is known. It is particularly effective and 

convenient for hard spheres such as gold sols,52, 54 but can also offer useful information 

for other colloidal particles. For example, analytical centrifugation has been used to 

characterise polymer-silica nanocomposite particles with framboidal morphologies,55, 56 

sterically-stabilised latexes,57, 58 protein-coated particles,59, 60 core-shell latexes, 

emulsions61 and various organic/inorganic nanoparticles.62, 63, 64, 65, 66, 67 
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Experimental 
 

Materials 

 

The three commercial polystyrene-based diblock copolymers used in this Chapter were 

supplied by BP Formulated Products Technology (Pangbourne, UK). Such diblock 

copolymers can be prepared by living anionic polymerisation of styrene with either 

butadiene or isoprene followed by catalytic hydrogenation using nickel-based 

catalysts.36 This usually ensures well-defined diblock copolymers with minimal 

homopolymer contamination and relatively narrow molecular weight distributions.25 

Chloroform and n-dodecane solvents were obtained from Fisher Scientific UK Ltd and 

were used as received. Deuterated chloroform for NMR studies was obtained from Goss 

Scientific Ltd, UK and was used as received. The carbon black (Regal 250R grade) was 

supplied by the Cabot Corporation (Billerica, MA, USA) and was used as received. 

 

Gel permeation chromatography. The molecular weight distribution of the three 

diblock copolymers was assessed by gel permeation chromatography (GPC) using THF 

eluent. The THF GPC set-up comprised two 5 μm ‘Mixed C’ 30 cm columns, a Varian 

290-LC pump and a WellChrom K-2301 refractive index detector operating at 950 ± 30 

nm. The THF mobile phase contained 2.0 v/v% triethylamine and 0.05 w/v% 

butylhydroxytoluene (BHT) and the flow rate was fixed at 1.0 mL min-1. A series of ten 

near-monodisperse polystyrene standards (Mn = 580 to 552,500 g mol−1) were used for 

calibration. 

 

Dynamic light scattering (DLS). Temperature-dependent studies were performed 

using a Malvern Zetasizer NanoZS model ZEN 3600 instrument equipped with a 4 mW 

He−Ne solid-state laser operating at 633 nm which was equipped with a Peltier cell, at a 

fixed scattering angle of 173°. Copolymers were diluted in n-dodecane (0.01 % w/w) 

and equilibrated for 5 min at 5oC intervals in a 25oC−90oC−25oC thermal cycle. The 

intensity average diameter and polydispersity of the diblock copolymer particles were 

calculated at a given temperature by cumulants analysis of the experimental correlation 

function using Dispersion Technology Software version 6.20. Data were averaged over 

13 runs each of 30 s duration. 
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Transmission electron microscopy. Studies were conducted using a Phillips CM100 

microscope operating at 100 kV on unstained samples prepared by drying a drop of 

dilute sample (approximately 0.01 % w/w) on a carbon-coated copper grid.  

 

Small-angle X-ray scattering. SAXS patterns were obtained for 1.0% w/w copolymer 

dispersions using a modified Bruker AXS Nanostar instrument (camera length = 1.46 

m, CuKa radiation) equipped with a 2D HiSTAR multi-wire gas detector. SAXS 

patterns were recorded over a q range of 0.008 Å -1 < q < 0.16 Å-1, where 


 sin4
q  is 

the length of the scattering vector and   is half of the scattering angle. A glass capillary 

of 2 mm path length was used as a sample holder and an exposure time of 2.0 h was 

utilised for each sample. 

 

Model used for SAXS analysis. A structural model has already been developed for 

star-like micelles68 and is briefly summarised here. The general equation for the 

scattering intensity, I, of interacting micelles is expressed as:69  

 

]1),,()[()(  PYPYPY

av

micmic fRqSqFqFI                           (1) 

 

where the star-like micelle form factor is represented as:68  

 

)(2)()]0([),(),()( 2222222 qAANqAFNNRqFNRqANqF cscsaggcccaggagggccaggsssaggmic     (2) 

 

Here Rs is the micelle core radius and Rg is the radius of gyration of the coronal block. 

The X-ray scattering length contrast between the core block and the coronal block is 

)( solsss V   and )( solccc V   , respectively, where s, c, and sol are the X-ray 

scattering length densities of the core block (PS = 9.63  1010 cm-2), the coronal block 

(PB = 8.84  1010 cm-2, PEP = 8.75  1010 cm-2) and solvent (dodecane = 7.63  1010 cm-

2), respectively. Vs and Vc are the volumes of the PS core block and the PEP (or PB) 

coronal block, respectively. Expressing each diblock copolymer composition in terms of 

its respective mol fractions and estimating the molecular weights of each block, the 

mean number of monomer repeat units is calculated for each block (see Table 4.1). 
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Using literature values for the densities of each block, the respective volumes of the 

core and coronal blocks can be calculated using 
A

w

N

M
V  . These values are given in 

Table 4.1. The mean micelle aggregation number, Nagg, is given by
s

s
solagg

V

R
xN

3

4
)1(

3
 , 

where xsol is the concentration of n-dodecane solvent in the PS micelle cores. The 

amplitude of the core self-term is given by:









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qR
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
  is the amplitude of the form factor for a sphere. The 

exponent term represents a sigmoidal interface between the blocks of width  that 

describes a decaying scattering length density at the core surface. The self-correlation 

term of the corona block is given by the effective single-chain form factor 

),(1

),(
),(

gexv

gexv

gc
RqF

RqF
RqF


 , where Fexv(q, Rg) is the form factor for self-avoiding chains70 

(equation 13 is used in this reference and the formalism therein is also adopted) and  is 

a parameter related to the chain-chain interaction within the corona. The effective 

forward scattering is



1

1
)0(cF . For these star-like micelles, the contribution of the 

coronal blocks to the scattering signal is comparable to that from the micelle core [

2)/( sc  0.37-1.2 in n-dodecane]. Thus the amplitude of the corona chain form factor 

is obtained from a normalised Fourier transform of the radial density distribution 

function of the corona chains: 
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The radial profile, c(r), can be expressed by a linear combination of two cubic b 

splines, with two fitting parameters s and a corresponding to the width of the profile and 

the weight coefficient, respectively. This information can be found elsewhere,68, 71 as 

can the approximate integrated form of equation 3. The form factor of the average radial 

scattering length density distribution of micelles in equation 1 is used as 
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22 )](),([)( qARqANqF ccsssagg

av

mic           (4) 

 

Use of equation 1 implicitly assumes that interactions between star-like micelles can be 

described by a structure factor based on the Percus-Yevick approximation 

),,( PYPYPY fRqS ,72 where RPY = Rs + R is the interaction radius and fPY is the hard-sphere 

volume fraction. In this model, the size polydispersity for the star-like micelles can be 

calculated by assuming a normal distribution of the micelle core radius Rs with a 

standard deviation Rs. Thus the total number of fitting parameters is five (Rs, Rs, Rg, s, 

and R). In addition, the following parameters were fixed: xsol = 0.10, , a = 0, ν = 2 

and fPY = 0.19, since these values have been previously determined for PS-PEP28 in n-

dodecane at a synchrotron source (ESRF, station ID02, Grenoble, France), and are 

assumed to be very similar for PS-PB20 and PS-PEP35, see Chapter 2. General 

parameters such as the copolymer volume fraction and various parameters related to the 

SAXS measurement geometry are not included in this list. Irena SAS Igor Pro macros 

were used for model fitting. 

 

1H NMR spectroscopy. The mean polystyrene content of each diblock copolymer 

dissolved in a non-selective solvent (CDCl3) was determined using a Bruker AV1-250 

MHz NMR spectrometer (64 scans per spectrum). Variable temperature spectra were 

recorded between 25oC and 110oC using d26-dodecane using a Bruker AV1-400 MHz 

NMR spectrometer (32 scans per spectrum). 

 

Helium pycnometry. The solid-state density of the Regal 250R carbon black was 

determined using a Micrometrics AccuPyc 1330 helium pycnometer at 20oC. 

 

Surface area analysis. BET surface area measurements were performed using a 

Quantachrome Nova 1000e instrument with dinitrogen gas (mean area per molecule = 

16.2 Ǻ2) as an adsorbate at 77 K. Samples were degassed under vacuum at 100oC for at 

least 15 h prior to analysis. The particle diameter, d, was calculated using the formula d 

= 6/(ρ.As), where As is the BET specific surface area in m2 g-1 and ρ is the carbon black 

density in g m-3 obtained from helium pycnometry. 

 



Chapter 4 – Determination of effective particle density for sterically-stabilised carbon 

black particles: Effect of diblock copolymer stabiliser composition 
 

145 

 

UV spectroscopy. UV spectra were recorded at 20oC for the diblock copolymers 

dissolved in 1:1 chloroform/n-dodecane mixtures (i.e. the n-dodecane supernatant was 

diluted with an equal volume of chloroform) using a Perkin Elmer Lambda 25 

instrument operating between 200 and 500 nm. A calibration curve was constructed for 

the same copolymer dissolved in pure chloroform and gave a molar extinction 

coefficient of 222 ± 2 mol-1 dm3 cm-1, which is close to the literature value reported for 

polystyrene.73 In order to determine the extent of copolymer adsorption onto carbon 

black via a supernatant depletion assay using UV spectroscopy, the following protocol 

was adopted. The desired mass of diblock copolymer (3.0 – 90.0 mg) was weighed into 

a glass vial and carbon black (300.0 mg) was weighed into a separate vial. Then n-

dodecane (5.00 mL) was added to the diblock copolymer and this suspension was 

stirred at 20oC (Turrax stirrer, 1 minute) before being heated up to 110oC for 1 h. The 

resulting copolymer micelle dispersion was added to the pre-weighed carbon black, 

stirred (Turrax stirrer, 1 minute), sonicated for 1 h, and left on a roller mill for 16 h 

overnight. The dispersion was then centrifuged for 4 h at 18,000 rpm in a centrifuge 

rotor that was pre-cooled to 15oC so as to minimise solvent evaporation. Taking care not 

to disturb the sedimented carbon black particles, the supernatant was decanted into an 

empty vial and then 0.40 mL of this solution was diluted with an equal volume of pure 

chloroform to ensure molecular dissolution of the copolymer chains prior to analysis by 

UV spectroscopy. The aromatic chromophore at 262 nm due to the polystyrene block 

was used to quantify the copolymer concentration remaining in the supernatant after 

exposure to the carbon black using the Beer-Lambert linear calibration curve described 

above, thus enabling the adsorbed amount to be determined by difference. 

 

Analytical centrifugation. The LUMiSizer® (LUM GmbH, Berlin, Germany) is a 

microprocessor-controlled analytical photocentrifuge that is particularly convenient for 

analysis of the sterically-stabilised carbon black dispersions described in this work. This 

instrument employs STEP™-Technology (Space- and Time-resolved Extinction 

Profiles) to enable the measurement of the intensity of transmitted light as a function of 

time and position simultaneously over the entire cell length. The progression of the 

transmission profiles contains information on the rate of sedimentation and therefore 

allows assessment of the particle size distribution. 
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Measurements were conducted at 20oC on 1.0 % w/w carbon black dispersions in n-

dodecane at 3000 rpm using disposable polyamide cells (path length = 2 mm). The 

theoretical effective particle density of the sterically-stabilised carbon black particles 

was calculated from geometric considerations (see later) and constant position analysis 

was used to determine volume-average particle diameters.  

 

Results and Discussion 
 

Copolymer characterisation 

 

The three commercial diblock copolymers used in this Chapter are denoted by the 

sample codes indicated in Table 4.1. Polystyrene contents were determined to be 20, 28 

and 35 mol% for PS-PB20, PS-PEP28 and PS-PEP35 respectively using 1H NMR 

spectroscopy in CDCl3 at 20oC (see Figure 4.1 and Table 4.1). Each copolymer had a 

relatively narrow molecular weight distribution (Mw/Mn < 1.10) as judged by THF GPC 

analysis using a series of near-monodisperse polystyrene calibration standards.  

 

Table 4.1. Summary of copolymer sample codes, copolymer compositions, molecular 

weight data and micelle diameters for the three diblock copolymers used in this 

Chapter. 

 
a. 1H NMR spectroscopy studies conducted in CDCl3 

b. Determined by gel permeation chromatography (refractive index detector; THF 

eluent; calibration using a series of near-monodisperse polystyrene standards) 

c. Determined at 20oC after heating the initial copolymer dispersion in n-dodecane to 

110oC for 1 h. TEM only ‘sees’ the micelle cores, whereas SAXS and DLS report the 

micelle cores plus the solvated micelle coronas. 

 

Copolymer 

Code 
Copolymer 

Description 

Polystyrene 

contenta 
/ mol% 

Mn  b 
 

/kg 

mol-1 

Mw 
 b 

 

/kg 

mol-1 

Mw/Mn
 

b 

 
Micelle diameter c 

/nm 

      TEM SAXS DLS 

PS-PB20 

Poly(styrene-b-

hydrogenated 

butadiene) 

20 183 198 1.08 24 71 88 

PS-PEP28 
Poly(styrene-b-

hydrogenated isoprene) 
28 117 121 1.04 24 68 85 

PS-PEP35 
Poly(styrene-b-

hydrogenated isoprene) 
35 163 177 1.08 27 65 89 
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Unfortunately, each copolymer differs in terms of its copolymer molecular weight and 

block composition, which makes it impossible to examine the effect of either of these 

two parameters in isolation. Nevertheless, appropriate consideration of these three 

copolymers sheds useful light on their performance as dispersants for carbon black 

particles in non-polar media (see later). 

Figure 4.1. 1H NMR spectra (CDCl3) obtained for the three diblock copolymers used in 

this work. Comparison of the integrated aromatic signals with those of the aliphatic 

backbone signals indicate mean polystyrene contents of (a) 20 mol % for PS-PB20, (b) 

28 mol % for PS-PEP28 and (c) 35 mol % for PS-PEP35. The corresponding THF GPC 

curves recorded for these three copolymers are also shown [see (d)-(f)]. Molecular 

weight data are expressed relative to polystyrene standards.  

 

Copolymer self-assembly 

 

The micellisation of the PS-PEP28 diblock copolymer has been extensively discussed in 

Chapter 2. When dissolved directly in n-dodecane at 20oC, ill-defined colloidal 

aggregates are obtained because the insoluble glassy polystyrene block prevents 

efficient break-up of the original solid-state morphology of this copolymer. However, 

heating these aggregates up to 110oC for 1 h followed by cooling to 20oC produces 

small, well-defined polystyrene-core micelles. This morphological transformation is 

confirmed by transmission electron microscopy (TEM) studies of each of the three 

diblock copolymers before and after the 20oC-110oC-20oC thermal cycle, see Figure 

4.2. 
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Figure 4.2. TEM images recorded for the colloidal aggregates formed by the three 

linear polystyrene-based diblock copolymers used in this study. Images (a), (b) and (c) 

show the relatively large, ill-defined, non-equilibrium aggregates formed via direct 

dispersion at 20oC in n-dodecane. In contrast, images (d), (e) and (f) show the much 

smaller, well-defined equilibrium spherical micelles formed at 20oC on heating this 

initial dispersion to 110oC for 1 h in n-dodecane. 

 

 

Variable temperature dynamic light scattering (DLS) was also used to monitor this 

change in copolymer morphology, see Figure 4.3. The initial ‘sphere-equivalent’ 

diameter observed at 25oC should be treated with some caution, since the TEM images 

reveal the presence of a significant fraction of polydisperse cylinders, see Figure 4.2. On 

heating to 75oC, the mean particle dimensions are dramatically reduced, which is 

consistent with the corresponding TEM images indicating the formation of well-defined 

spherical micelles. It seems likely that the original cylinders are converted into spheres 

via a ‘budding’ process, since the intensity-average diameter of the small micelles is 

roughly comparable to the mean width of the original cylinders indicated by TEM (see 

Figure 4.2). Similar observations were recently reported by Fielding et al.,12 who 

observed a worm-to-sphere transition for poly(lauryl methacrylate)-poly(benzyl 

methacrylate) diblock copolymers on heating above 90oC  in n-dodecane (as judged by 

TEM). 
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Figure 4.3. Variation in DLS intensity-average diameter observed for (a) PS-PB20, (b) 

PS-PEP28 and (c) PS-PEP35 diblock copolymer aggregates dispersed directly in n-

dodecane at 25oC, followed by heating up to 90oC (blue points) and cooling to 25oC 

(red points). In each case this thermal cycle breaks up the initial large, ill-defined non-

equilibrium aggregates and produces small, well-defined equilibrium micelles.  
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The three copolymers examined in this study form well-defined ‘star-like’ micelles21 

with relatively constant core diameters of 24 to 27 nm, as judged by TEM, see Table 

4.1. After appropriate thermal treatment, DLS studies indicate overall micelle diameters 

of 85-89 nm. It is emphasised here that TEM reports only the core diameter for the 

dehydrated micelles, while SAXS and DLS report the overall hydrodynamic diameter of 

the solvated micelles (i.e. the micelle core plus the micelle corona).  SAXS also 

provides additional structural information, which will be discussed later on in this 

Chapter. To gain further insight into the mechanism of break-up of the ill-defined non-

equilibrium aggregates and subsequent formation of well-defined equilibrium micelles, 

variable temperature 1H NMR studies were conducted in d26-dodecane. Figure 4.4 

shows the partial 1H NMR spectra recorded for PS-PB20 and PS-PEP35 copolymer 

dispersions in d26-dodecane on heating up to 110oC followed by cooling to 25oC. 

Initially, no 1H NMR signals were observed between 25oC and 65oC. In contrast, broad 

aromatic signals characteristic of the core-forming PS block are observed in the 75oC to 

110oC temperature range, which subsequently disappeared on cooling back to 25oC. 

Similar observations were reported for the PS-PEP28 copolymer in Chapter 2.  

 

Figure 4.4. Partial 1H NMR spectra recorded for (a) PS-PB20 and (b) PS-PEP35 in d26-

dodecane on heating from 25oC to 110oC, followed by cooling to 25oC. The appearance 

of aromatic signals at 6.5-7.0 ppm is attributed to increasing solvation of the 

polystyrene chains within the micelle cores at higher temperatures. Apparent 

polystyrene contents (mol %) are indicated on the right-hand side of each spectrum. The 

equivalent variable temperature NMR study for PS-PEP28 in d26-dodecane (and d16-

heptane) under the same conditions is shown in Chapter 2. 
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These spectroscopic observations suggest gradual solvent ingress within the micelle 

cores.74 Such plasticisation leads to a much lower effective Tg for the core-forming PS 

chains, which become increasingly mobile at elevated temperature. It is noteworthy that 

if the apparent polystyrene contents in d26-dodecane are compared to the actual 

polystyrene contents determined in CDCl3 (which is a good solvent for both blocks), 

then the degree of solvation of the polystyrene block is never more than approximately 

50-60%, see Figure 4.4 and Figure 4.1. Such 1H NMR spectra are therefore consistent 

with solvent-swollen micelle cores, rather than molecularly dissolved copolymer chains.  

 

SAXS studies of copolymer micelles 

 

The star-like micelle model used to fit the three SAXS patterns shown in Figure 4.5 was 

the same as that used to model the SAXS data in Chapter 2, and is also detailed here for 

continuity (see Experimental section). This model produced good fits to the SAXS 

patterns obtained for the PS-PB20, PS-PEP28 and PS-PEP35 diblock copolymer 

micelles formed in n-dodecane after thermal cycling (see Figure 4.5 and Table 4.2). 

Detailed SAXS analysis indicated a relatively low volume fraction of the n-dodecane 

solvent within the micelle cores (xsol ~ 0.10). Similar values have been reported by 

Pedersen et al. for a related diblock copolymer system.75 This relatively low solvent 

volume fraction is consistent with the fact that n-dodecane is a non-solvent for 

polystyrene at 20oC. Moreover, the star-like micelle model also revealed a mean radius 

for the PS core (Rs) of 9.3 nm (PS-PB20), 8.9 nm (PS-PEP28), and 9.1 nm (PS-PEP35). 

The PB (or PEP) corona thicknesses (s) were found to be 26.4 nm (PS-PB20), 25.1 nm 

(PS-PEP28), and 23.2 nm (PS-PEP35). These data give overall particle diameters of 71 

nm (PS-PB20), 68 nm (PS-PEP28), and 65 nm (PS-PEP35) respectively, see Table 4.3. 

These are within the same size range as those observed via DLS measurements. The 

largest micelle diameter is observed for PS-PB20, which is not unexpected given that 

this copolymer also has the highest molecular weight (183 K versus 117 K for PS-

PEP28 and 163 K for PS-PEP35, see Table 4.1). 
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Figure 4.5. SAXS patterns obtained for 1.0 % w/w diblock copolymer micelles in n-

dodecane at 20oC for (a) PS-PEP35, (b) PS-PEP28 and (c) PS-PB20. In each case well-

defined micelles were only obtained after thermal annealing for 1 h at 110oC (see Figure 

4.2). The patterns shown in (a) and (b) are multiplied by an appropriate arbitrary 

coefficient for the sake of clarity. The red lines represent fits to the SAXS data obtained 

using a star-like micelle model.68 
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Table 4.2. Summary of mol fraction, molecular weight, number of repeat units, density 

and volume of each block for the three types of star-like micelles, plus the following 

structural parameters obtained from data fits to SAXS patterns: micelle core radius (Rs, 

nm), standard deviation of the micelle core radius (Rs, nm), width of the micelle corona 

electron density profile (s, nm) and the overall micelle diameter (2Rs + 2s, nm). 

 

Carbon black characterisation 

 

In principle, understanding the adsorption of each commercial diblock copolymer onto 

carbon black should provide useful physical insights regarding their efficacy as putative 

diesel soot dispersants in engine oils. In this regard, carbon black acts as a convenient 

model colloidal substrate for genuine diesel soot, since the latter is prohibitively 

expensive.37  The physical properties of the Regal 250R carbon black used in this 

Chapter are detailed in Chapter 2: it has a distinctive fractal morphology, which is 

typical of most carbon blacks and also diesel engine soot.36, 37, 76, 77 BET surface area 

analysis indicated a specific surface area of 43 m2 g-1, while helium pycnometry gave a 

solid-state density of 1.89 g cm-3. Combining these values, the primary grain size for 

individual carbon black particles is calculated to be approximately 74 nm. This is in 

fairly good agreement with the number-average diameter of 70 nm estimated from TEM 

studies, with the BET value being considered to be more statistically robust. 

 

 

 

 

 

Sample 

ID 

(a) Mol fraction 

(b) Molecular 

weight /kg mol-1 

Number of 

repeat units 
Density               

/g cm-3 
Volume 

/nm3 
Rs(Rs) 

/nm 
s 

/nm 

Overall 

micelle 

diameter 

/nm 

PS-

PB20 

PS PB PS PB PS PB PS PB 

9.3 

(±1.8) 
26.4 71 (a) 0.20 0.80 

558 2232 1.05 0.91 91 227 
(b)  58 125 

PS-

PEP28 

PS PEP PS PEP PS PEP PS PEP 

8.9 

(±1.3) 
25.1 68 (a) 0.28 0.72 

412 1059 1.05 0.90 67 136 
(b)   43 74 

PS-

PEP35 

(a) 0.35 0.65 
697 1294 1.05 0.90 114 166 

9.1 

(±1.5) 
23.2 65 

(b)  72 91 
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Copolymer adsorption on carbon black 

 

Figure 4.6 (a) shows the isotherms obtained for each diblock copolymer adsorbed as 

well-defined micelles onto carbon black from n-dodecane at 20oC. PS-PB20 exhibited 

the highest affinity isotherm with a maximum adsorbed amount, Γ, of 3.31 ± 0.16 mg m-

2, whereas PS-PEP28 and PS-PEP35 had Γ values of 2.25 ± 0.07 mg m-2 and 1.57 ± 

0.06 mg m-2, respectively (as determined from the gradients of the corresponding linear 

plots, see Figure 4.6 (b)). Thus increasing the polystyrene content of the copolymer 

leads to progressively weaker adsorption. This finding was not anticipated, because 

Shar and co-workers36 had previously reported that the polystyrene component was 

essential for a strong interaction with the carbon black surface for adsorption from 

cyclohexane at 20oC. On this basis, it was predicted that the highest affinity isotherm 

would be observed for the diblock copolymer with the highest polystyrene content (i.e. 

PS-PEP35). However, both the copolymer molecular weight and chemical nature of the 

stabiliser block (PB or PEP) differ for all three copolymers (see Table 4.1), so it is 

perhaps difficult to examine the effect of varying the polystyrene content under such 

circumstances. Presumably, subtle differences in the structure of these copolymers (and 

perhaps also the star-like character of the micelles) influence their adsorption behaviour.  
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Figure 4.6. (a) Langmuir-like and (b) linear adsorption isotherms obtained for the three 

polystyrene-based diblock copolymers (PS-PB20, PS-PEP28 and PS-PEP35) adsorbed 

in the form of well-defined micelles (obtained after heating to 110oC for 1 h) onto 

carbon black particles from n-dodecane at 20oC, as determined using a supernatant 

depletion assay based on UV spectroscopy. 
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The resulting sterically-stabilised carbon black dispersions were studied by TEM. 

Figure 4.7 shows representative images obtained for (a) the pristine carbon black and 

(b-d) dispersions stabilised using each copolymer in turn (at 10 % copolymer by mass 

based on carbon black). Significantly smaller, more discrete carbon black particles are 

observed in the presence of each copolymer than for carbon black alone. Moreover, 

excess non-adsorbed micelles are observed for the dispersion prepared using PS-PEP35 

(see inset in Figure 4.7d). Inspecting the adsorption isotherms constructed for the three 

diblock copolymers in Figure 4.6, this copolymer exhibited the lowest equilibrium 

adsorbed amount (Γ = 1.57 ± 0.06 mg m-2) and hence has a lower concentration 

threshold for the presence of excess micelles in solution. In contrast, PS-PEP28 and PS-

PB20 each exhibit a stronger adsorption affinity for carbon black, which means that 

excess micelles are not present in solution under the same conditions.  

 

Figure 4.7. Representative TEM images for Regal 250R carbon black particles in n-

dodecane: (a) no copolymer; (b) PS-PB20, (c) PS-PEP28 and (d) PS-PEP35. For (b) to 

(d) 10 % w/w copolymer based on carbon black was used in each case. TEM grids were 

prepared by allowing each copolymer dispersion to dry at 20oC. 
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Effective densities of sterically-stabilised carbon black particles 

 

In order to assess the degree of dispersion of sterically-stabilised carbon black particles, 

analytical centrifugation has been used in combination with optical microscopy studies. 

The latter technique is useful for assessing the presence of micron-sized agglomerates, 

but is not sensitive to submicron-sized colloidal aggregates. In principle, analytical 

centrifugation should be capable of reporting high resolution particle size distributions 

in the colloidal size range. However, the effective particle density must be known 

accurately for this technique, since it is an important input parameter. One important 

question here is whether the same effective particle density can be used regardless of the 

copolymer type. Alternatively, do the subtle differences in dimensions and adsorption 

behaviour observed for the three types of copolymer micelles examined herein 

necessitate effective particle densities to be determined for each case?  Since 

sedimentation is proportional to the particle mass, and inversely proportional to the 

frictional force acting on the particle (which is a function of the particle morphology 

and size), the correct interpretation of sedimentation data requires knowledge of the 

density of the sedimenting particle, which may be a complex function for core-shell 

particles with solvated shells. Furthermore, for core-shell particles comprising differing 

densities for the core and shell components, it is known that an inherent density 

distribution is superimposed on particle size distributions determined by analytical 

centrifugation techniques. In the case where the shell density exceeds the core density, 

this leads to artifactual narrowing of the particle size distribution.56 On the other hand, 

if the shell density is less than that of the core, which is the case in the present study, 

artifactual broadening of the particle size distribution is expected. In principle, this 

problem can be addressed by recalculating the true particle density for each data point 

of the digitised particle size distribution. For example, Fielding et al. reported a 

corrected particle size distribution obtained by disk centrifuge analysis of well-defined 

core-shell polystyrene/silica nanocomposite particles.56 However, given the relatively 

ill-defined, highly fractal nature of the carbon black particles, such a correction has not 

been applied to the work in this Chapter. 
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For perfectly monodisperse spherical particles with a well-defined core-shell 

morphology, Lascelles and Armes derived a simple geometric relationship for the shell 

thickness, d, in terms of the core radius R, and the mass fractions, m1 and m2, and 

densities, ρ1 and ρ2, of the core and shell components, see equation 5.62  

 

𝑑 = 𝑅 [(
𝑚2𝜌1

𝑚1𝜌2
+ 1)

1/3
− 1]                                (5) 

 

Considering the relative volumes (v1 and v2) and mass fractions (m1 and m2) of a two-

component composite material (in this case core-shell particles) enables calculation of a 

composite particle density, ρcomp, using equation 6. 

 

𝜌comp =  
𝑚1+𝑚2

𝑉1+𝑉2
=  

𝑚1+𝑚2
𝑚1
𝜌1

+ 
𝑚2
𝜌2

                                  (6) 

 

In the context of the present study, the subscripts ‘1’ and ‘2’ refer to the carbon black 

core and copolymer micelle shell, respectively. If it is assumed that (i) the density of the 

copolymer shell is equal to that of the solvent (n-dodecane) and (ii) d corresponds to the 

mean radius of the star-like micelles calculated from SAXS analysis (see Table 4.3), 

then a theoretical effective particle density can be calculated for sterically-stabilised 

carbon black particles. However, we emphasise that this approach is only an 

approximation since it assumes a monodisperse spherical morphology for carbon black, 

which is clearly not the case (see Figure 4.7). Moreover, it is additionally assumed that 

the star-like diblock copolymer micelles form a hemi-micelle at the surface of the 

carbon black particles whose mean thickness is equal to that of the original micelle 

radius and that the density of this copolymer stabiliser shell approximates to that of the 

pure solvent (which is 0.75 g cm-3 for n-dodecane at 20oC). This situation is depicted 

schematically in Figure 4.8. 
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Figure 4.8. Schematic representation of the sterically-stabilised carbon black particles 

for which the effective particle density, ρeff, is calculated using simple geometric 

considerations based on the micelle dimensions as determined by SAXS (see Tables 1 

and 2). In reality, the carbon particles exhibit a fractal morphology, rather than the 

spherical core-shell morphology shown here. 

 

 

 

Using equations 5 and 6 in combination with the SAXS micelle dimensions and carbon 

black primary grain size derived from BET surface area analysis, effective particle 

densities of 0.90, 0.91 and 0.92 g cm-3 were calculated for sterically-stabilised carbon 

black particles prepared using PS-PB20, PS-PEP28 and PS-PEP35 copolymer micelles, 

respectively (see Table 4.3). Clearly, these theoretical values are substantially lower 

than the solid-state density of carbon black indicated by helium pycnometry (1.89 g cm-

3). This indicates that the mass fraction of the low-density stabiliser shell (which can be 

approximated as comprising pure solvent) is significantly larger (~ 70 %) than that of 

the high-density carbon black cores (see Table 4.3). 
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Copolymer 

ID 

Steric 

stabiliser 

layer 

thickness, d 

 

nm 

Adsorbed 

amount on 

carbon black 

 

mg m-2 

Mass fraction 

of carbon 

black core 

Effective 

particle 

density, 

ρeff 

 

g cm-3 

Density 

difference 

Δρa 

 

g cm-3 

Volume-

average 

particle 

diameter 

 

nm 

 

       

PS-PB20 35.5 3.31 0.28 0.90 0.15 
140 ± 10 

163 ± 7 
b 

PS-PEP28 34.0 2.25 0.29 0.91 0.16 118 ± 15 

PS-PEP35 32.5 1.57 0.31 0.92 0.17 117 ± 10 

 

Table 4.3. Summary of steric stabiliser layer thicknesses, equilibrium adsorbed amounts 

of diblock copolymer micelles on carbon black, calculated mass fraction of the carbon 

black core, theoretical effective particle densities, density differences (Δρ) and volume-

average particle diameters determined via analytical centrifugation for 1.0 % w/w 

carbon black dispersions at 20oC (using 6.0% w/w copolymer based on carbon black). 

These tabulated data were calculated assuming (i) a perfectly monodisperse spherical 

core-shell morphology, (ii) a primary grain size of 74 nm diameter for the carbon black 

particles and (iii) that the density of the steric stabiliser layer is equal to that of the pure 

solvent. 

 

a. Δρ = effective particle density - density of n-dodecane. 

b, Bimodal size distribution as judged by analytical centrifugation (see Figure 4.10). 

 

 

 

Stokes’ law can be used to calculate particle velocities for such sterically-stabilised 

carbon black particles in pairs of similar solvents, such as n-dodecane and n-decane or 

n-dodecane and deuterated n-dodecane. In principle, such particle velocities can be used 

to calculate the effective particle density. However, in practice this approach is not valid 

if the shell component dominates over the core component, since the density of the 

solvent shell necessarily varies with the nature of the solvent, which in turn leads to 

significantly different effective particle densities. In view of this technical problem, 

approximate effective particle densities were calculated purely based on geometric 

considerations. 

 

Particle size analysis via analytical centrifugation using the LUMiSizer instrument 

utilises equation 7 below. 

 



Chapter 4 – Determination of effective particle density for sterically-stabilised carbon 

black particles: Effect of diblock copolymer stabiliser composition 
 

161 

 

𝑥2 =
18F

(P−F)2𝑡
 ln (

𝑟m

𝑟0
)                                   (7) 

 

Here 𝑥 is the particle diameter, 
F
 is the viscosity of the spin fluid, 

P
 is the density of 

the sedimenting particles, 
F
 is the density of the spin fluid (in this case n-dodecane), ω 

is the angular velocity, t is the sedimentation time, 𝑟m is an arbitrary (fixed) position of 

measurement of the light transmission and 𝑟0 is the position of the solvent meniscus. 

 

The form of equation 7 (more specifically, the density difference term, ρP - ρF) indicates 

that huge errors (~300 %) are incurred if the solid-state density of carbon black is 

erroneously used as an input parameter for determining volume-average particle size 

distributions via analytical centrifugation. This important point is emphasised in Figure 

4.10, which shows the apparent and actual volume-average particle size distributions 

determined for the three types of sterically-stabilised carbon black particles using (a) the 

density of carbon black alone and (b) the effective particle densities calculated using 

equations 5 and 6. In the former case, the particle size distributions are clearly too low, 

since the volume-average diameter is less than the primary grain size of the carbon 

black particles (74 nm as judged by BET surface area analysis and confirmed by TEM 

studies). In contrast, physically reasonable volume-average diameters (117 - 140 nm) 

are obtained when using effective particle densities that account for the relatively high 

degree of solvation for such particles. 

 

The effect of varying the solvated stabiliser layer thickness (d) on the density difference 

(Δρ) between the particles and the solvent for sterically-stabilised carbon black particles 

dispersed in n-dodecane at 20oC is plotted in Figure 4.9. This relationship was 

calculated using equations 5 and 6 by assuming (i) a perfectly monodisperse spherical 

core-shell morphology, (ii) a primary grain size of 74 nm diameter for the carbon black 

particles and (iii) that the density of the steric stabiliser layer is equal to that of the pure 

solvent. Although changes in Δρ are particularly large for relatively thin stabiliser layers 

(< 10 nm), it is noteworthy that the density difference (Δρ) remains quite sensitive to the 

solvated steric stabiliser layer thickness within the range of interest (32.5 – 35.5 nm, see 
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Table 4.3). This emphasises the importance of calculating accurate effective particle 

densities for such sterically-stabilised carbon black dispersions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9. Effect of varying the steric stabiliser layer thickness (d) on the density 

difference (Δρ) between the effective particle density (ρP) and the solvent density (ρF) 

for sterically-stabilised carbon black particles dispersed in n-dodecane at 20oC. This 

relationship was calculated using equations 5 and 6 by assuming (i) a perfectly 

monodisperse spherical core-shell morphology, (ii) a primary grain size of 74 nm 

diameter for the carbon black particles and (iii) that the density of the steric stabiliser 

layer is equal to that of the pure solvent.  

 

 

Effect of diblock copolymer composition on carbon black dispersion stability 

 

It is perhaps worth emphasising that, despite the comparable dimensions of the 

copolymer micelles in solution (see Table 4.1), their differing adsorption behaviour (see 

Figure 4.6) leads to subtle differences in the effective particle density for the 

corresponding sterically-stabilised carbon black particles (see Table 4.3). However, the 

volume-average particle size distributions obtained for these dispersions are broadly 

comparable (see Figure 4.10). This indicates that each diblock copolymer leads to a 

similar degree of dispersion for carbon black in n-dodecane at 20oC. Hence all three 

copolymers are expected to be useful dispersants for diesel engine soot in engine oils. 
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Figure 4.10. Particle size distributions obtained via analytical centrifugation analysis of 

1.0 % w/w carbon black particles dispersed in n-dodecane at 20oC with the aid of the 

three diblock copolymers used in this work (PS-PB20, PS-PEP28 and PS-PEP35). 

Volume-average diameters are calculated (a) using the solid-state density of carbon 

black (which leads to large experimental errors), (b) using theoretical effective particle 

densities (see Table 4.3). In each case, 6.0 % w/w copolymer was utilised based on the 

mass of carbon black. Instrument conditions: 3000 rpm for 166 min.  

 

 

 

Effect of temperature on carbon black dispersion stability 

 

It is important to consider the effect of temperature on carbon black dispersion stability, 

since commercial diesel engines operate anywhere between -10 (cold start) and 110oC. 

Figure 4.11 contains optical micrographs for carbon black stabilised by each diblock 

copolymer at both 20oC and 80oC. A decrease in mass fractal size is observed on 

decreasing diblock copolymer polystyrene content at 80oC. This is somewhat 

unexpected, since a higher polystyrene content would be expected to lead to stronger 

adsorption hence more effective particle stabilisation. However, since PS-PB20 has the 

highest equilibrium adsorbed amount (Γ, of 3.31 ± 0.16 mg m-2, see Figure 4.6), such a 

result is not unreasonable. 
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Figure 4.11. Optical microscopy images of carbon black with (a) PS-PEP35, (b) PS-

PEP28 and (c) PS-PB20 diblock copolymers adsorbed at 10 % w/w (based on carbon 

black) in n-dodecane. Dispersions assessed at 20oC and 80oC. 

 

 

Figure 4.12 illustrates the sub-micron scale dispersion stabilities from analytical 

centrifugation at 4oC, 20oC and 60oC (via sedimentation profiles). Here, each diblock 

copolymer is at the concentration required for monolayer coverage (~10 % w/w based 

on carbon black). At 4oC, very little sedimentation occurs, which indicates a relatively 

stable dispersion. On increasing the temperature to 20oC and then 60oC, carbon black 

dispersions appear to become less stable, with an increase in the particle sedimentation 

distance in a given time. Generally, there appears to be relatively little difference in 

sedimentation distance between the three diblock copolymers at a given temperature. It 

is important to mention that particle size distributions could not be constructed at 4oC 
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and 60oC, since the effect of temperature on effective particle density has not been 

assessed. Since the continuous phase n-dodecane forms an integral part of the overall 

composite structure (see Figure 4.8), and solvent density and viscosity changes with 

temperature (as does copolymer solvency), particle density will be affected. However, 

such a study was beyond the scope of the current work. Furthermore, since composite 

density changes with temperature, the data in Figure 4.12 comes with an important 

caveat; a change in sedimentation distance may be in part due to a change in composite 

density. 

 

As mentioned in Chapter 3, The effect of a change in temperature on carbon black 

dispersion stability has been investigated by Won et al.78 The temperature-dependent 

intrinsic viscosity of a polyisobutylene succinimide dispersant was studied, and it was 

suggested that an increase in temperature causes conformational changes in the 

solvophilic hydrocarbon stabiliser chain of the adsorbed dispersant. This induces 

collapse, in turn decreasing its efficiency in inhibiting agglomeration. In the same study, 

the effect of temperature on the rheological properties of carbon black without added 

dispersant showed virtually no temperature dependence. It was concluded to be unlikely 

that heating induces a significant increase in the van der Waals interaction between the 

carbon-black particles.78 
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Figure 4.12. Raw profile plots obtained via analytical centrifugation for carbon black 

dispersed using three diblock copolymers with different polystyrene contents. 10 % w/w 

copolymer (based on carbon black) in 10 % w/w total solids (based on solvent) in each 

case, at 4oC, 20oC and 60oC in n-dodecane. Instrument run at 3000 rpm for 166 min. 

Colour indicates time, where red is the first transmission profile and green is the last. 

 

 

 

Conclusions 
 

Three near-monodisperse polystyrene-based diblock copolymers each form large, ill-

defined polydisperse colloidal aggregates when dissolved directly in n-dodecane at 

20oC. However, a single heating cycle (110oC, 1 h) breaks up such aggregates, leading 

to the formation of well-defined spherical micelles on cooling to 20oC. Variable 

temperature 1H NMR studies conducted in d26-dodecane are consistent with these 

observations, since partial solvation of the core-forming polystyrene chains is observed 

above 65oC. Dynamic light scattering studies also confirmed a gradual reduction in 

intensity-average diameter at higher temperature for all three diblock copolymers, 

followed by the formation of small near-monodisperse micelles on cooling to 20oC. 

Adsorption of such micelles onto carbon black particles, which serve as a convenient 

mimic for diesel soot, was quantified using a supernatant depletion assay based on UV 
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spectroscopy. Maximum adsorbed amounts, Γ, corresponding to micelle monolayer 

formation, were determined to be 3.31, 2.25 and 1.57 mg m-2 for PS-PB20, PS-PEP28 

and PS-PEP35. Thus increasing the mole fraction of the polystyrene anchor block 

actually leads to weaker micelle adsorption at the surface of the carbon black particles. 

 

Assuming a spherical core-shell morphology, effective particle densities were calculated 

for the three types of sterically-stabilised carbon black particles using (i) the micelle 

dimensions derived from SAXS and (ii) the primary grain size of the carbon black 

determined by BET surface area analysis. This approach yielded effective particle 

densities of 0.90, 0.91 and 0.92 g cm-3 for the sterically-stabilised carbon black particles 

prepared using the PS-PB20, PS-PEP28 and PS-PEP35 diblock copolymers, 

respectively. Thus, although these three copolymers form micelles in n-dodecane with 

rather similar dimensions, each copolymer actually leads to a subtly different effective 

particle density, which is always substantially lower than the solid-state density of 

carbon black (1.89 g cm-3). Since the rate of sedimentation of the sterically-stabilised 

carbon black particles depends on the density difference between the effective particle 

density and the n-dodecane solvent (density = 0.75 g cm-3), substantial errors can be 

incurred in analytical centrifugation studies unless appropriate care is taken to 

determine an accurate effective particle density. This is important because analytical 

centrifugation is a highly convenient technique for assessing the relative degree of 

dispersion of sterically-stabilised carbon black particles by comparing their volume-

average particle size distributions. Temperature has an effect on carbon black dispersion 

stability; a decrease in stability is observed on increasing temperature for PS-PEP35 and 

PS-PEP28 at the micron length-scale, while the opposite is observed for PS-PB20. It is 

assumed the main reason for this is the difference in adsorbed amount for each diblock 

copolymer. Meanwhile, analytical centrifugation suggests a general decrease in 

dispersion stability, although these data must be treated with caution due to assumed 

changes in copolymer-adsorbed particle density with temperature. Overall, the work in 

this Chapter enhanced understanding of the performance of three commercial diblock 

copolymers when employed as diesel soot dispersants in engine oil formulations. Given 

the wide range of applications for sterically-stabilised carbon black dispersions, the 

results are also likely to have broader implications. 
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Introduction 
 

Diesel engines are widely used in trucks and buses, as well as many cars and light-duty 

vehicles. Their popularity is in large part due to their high thermal efficiency, which 

leads to lower fuel consumption compared to petrol engines. It is well-known that fuel 

combustion in diesel engines leads to the production of nitrogen oxides (NOx) in the 

exhaust gas, which are harmful to the environment.1, 2, 3, 4, 5, 6 In the 1990s, diesel engine 

manufacturers retarded the fuel injection timing in order to meet legislated NOx 

emission targets. However, this approach led to an increase in the amount of soot being 

transferred into the engine oil.7 NOx emission limits have been further tightened within 

the last fifteen years.  Automotive manufacturers met these more stringent emissions 

targets by recirculating the exhaust gas back into the engine; this approach is commonly 

known as exhaust gas recirculation (EGR).8, 9, 10, 11 However, under certain engine 

operating conditions EGR contributed to the build-up of unwanted soot particles within 

the engine oil.12, 13 This accumulation of soot within the engine oil leads to higher 

viscosity, blockage of oil filters, greater engine wear and sludge formation.14 Jao et al. 

reported that oil soot leads to engine wear via an abrasive wear mechanism. Moreover, 

the same workers showed that higher levels of abrasive contaminants within the oil 

inhibits boundary film formation.15, 16, 17 This excessive build-up of soot particles in 

engine oil is highly undesirable because it accelerates engine wear, which ultimately 

leads to lower fuel efficiency and reduced engine lifetimes.18, 19, 20, 21 Fortunately, this 

soot-related wear problem can be mitigated by the addition of various copolymers to 

engine oil formulations.20, 22, 23, 24 Such copolymers can act as dispersants and confer 

steric stabilisation, thus maximising the degree of dispersion of the diesel soot. 

However, genuine diesel soot is prohibitively expensive for optimisation studies, 

because it can only be generated by running an engine over an extended period under 

sub-optimal conditions. Thus various grades of commercial carbon black particles 

(prepared via gas phase pyrolysis of either hydrocarbon oil or natural gas) have been 

suggested as cost-effective mimics for diesel soot.22, 25, 26, 27, 28 For example, Clague and 

co-workers utilised a wide range of techniques, including 13C NMR spectroscopy, IR 

spectroscopy, atomic emission spectroscopy, thermogravimetric analysis, inverse gas 

chromatography, transmission electron microscopy (TEM) and X-ray photoelectron 

spectroscopy (XPS), in order to directly compare both soot extracted from diesel engine 

oil and also an exhaust soot with various commercial carbon blacks. Although various 
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differences were observed, these authors nevertheless concluded that ‘there appears to 

be potential for certain blacks to mimic the aggregation behaviour of soots for use in 

lubrication oils’.27 Similarly, Bezot et al. used static and dynamic light scattering in 

combination with a reaction limited cluster aggregation mechanism to characterise three 

types of carbon black in terms of their fractal dimensions.29 However, in a later paper by 

the same team, only one of these commercial carbon blacks exhibited a similar 

morphology to that of soot particles isolated from three different drain oils.30 Moreover, 

Müller et al. compared a commercial carbon black (FR 101 33/D; ex. Degussa) with 

soot particulates obtained by running a heavy duty diesel engine under ‘black smoke’ 

conditions using a range of characterisation techniques and concluded that the former 

material was a poor surrogate for the latter.31, 32 

 

In this Chapter, a specific grade of carbon black is examined to determine its suitability 

as a mimic for a particular diesel soot. Initially, various physical properties such as 

specific surface area, density, particle morphology and surface composition are 

determined for both materials using BET surface area analysis, helium pycnometry, 

TEM, small-angle X-ray scattering (SAXS), aqueous electrophoresis and XPS, 

respectively. Subsequently, the adsorption of two commercial copolymer dispersants, 

namely a poly(ethylene-co-propylene) (dOCP) statistical copolymer and a polystyrene-

block-poly(ethylene-co-propylene) diblock copolymer (PS-PEP), onto both substrates 

from n-dodecane is examined, both indirectly using a supernatant depletion technique 

based on UV spectroscopy and also directly via thermogravimetric analysis (TGA). n-

Dodecane was chosen for these studies because it is comparable to a fully saturated 

Group III base oil, which is widely used in modern engine oils. Finally, relative degrees 

of dispersion achieved for carbon black and diesel soot when utilising each copolymer 

dispersant are assessed using optical microscopy (OM), analytical centrifugation and 

SAXS. 

 

Experimental 
 

Materials 

 

The two copolymers used in this Chapter were commercial products supplied by BP 

Formulated Products Technology and were used as received. dOCP is a statistical 

copolymer comprising ethylene and propylene repeat units that also contains a relatively 
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low level (< 1 mol %) of aromatic amine functionality. PS-PEP is a linear diblock 

copolymer with a polystyrene content of 28 mol%, as judged by 1H NMR spectroscopy 

(see Chapter 2), see Table 5.1 for the corresponding molecular weight and Mw/Mn 

values. Chloroform and n-dodecane were obtained from Fisher Scientific UK Ltd and 

were used as received. The carbon black (Regal 250R) was kindly supplied by Cabot 

Corporation (Billerica, MA, USA). Diesel soot was a gift from BP Formulated Products 

Technology. This material was generated using a Cambustion Diesel Particulate 

Generator (DPG) at a loading temperature of 240ºC under the following standard ‘light 

duty’ test conditions: 1.1 kg h-1 fuel flow (standard Euro reference Diesel), 250 kg h-1 

total flow, and a rate of soot generation of 10 g h-1. The soot was then back-blown off 

the Diesel Particulate Filter (DPF) and collected for analysis. Both colloidal substrates 

were used as received. 

 

Characterisation Techniques 

 

Gel permeation chromatography. The molecular weight distribution of each 

copolymer was assessed by gel permeation chromatography (GPC) using THF eluent. 

The THF GPC set-up comprised two 5 μm ‘Mixed C’ 30 cm columns, a Varian 290-LC 

pump and a WellChrom K-2301 refractive index detector operating at 950 ± 30 nm. The 

THF mobile phase contained 2.0 v/v% triethylamine and 0.05 w/v% 

butylhydroxytoluene (BHT) and the flow rate was fixed at 1.0 mL min-1. A series of ten 

near-monodisperse polystyrene standards (Mn = 580 to 552,500 g mol−1) were used for 

calibration. 

 

Dynamic light scattering. Hydrodynamic diameters were determined by DLS at 25°C 

using a Malvern Zetasizer NanoZS model ZEN 3600 instrument equipped with a 4 mW 

He−Ne solid-state laser operating at 633 nm. Back-scattered light was detected at 173° 

and the particle size was calculated from the quadratic fitting of the correlation function 

over thirty runs each of ten seconds duration. More specifically, the sphere-equivalent 

hydrodynamic diameter of the carbon black particles was calculated from the particle 

diffusion coefficient via the Stokes-Einstein equation, using a solution viscosity of 1.34 

cP for n-dodecane at 25°C. All measurements were performed in triplicate and data 

were analysed by cumulants analysis of the experimental correlation function using 
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Dispersion Technology Software version 6.20. Copolymer concentrations of 0.01 % w/v 

were utilised in all DLS experiments.  

 

Aqueous electrophoresis. Zeta potentials were determined for both carbon black and 

diesel soot particles dispersed in deionised H2O using the same Malvern Zetasizer Nano 

ZS instrument described above. The solution pH was initially adjusted to pH 11 in the 

presence of 1 mM KCl, using 0.1 M NaOH. The solution pH was then manually 

lowered using either 0.1 M or 0.01 M HCl as required. 

 

Transmission electron microscopy. Studies were conducted using a Phillips CM100 

microscope operating at 100 kV on unstained samples prepared by drying a drop of 

dilute dispersion (approximately 0.01 wt%) onto a carbon-coated copper grid.  

 

Small-angle X-ray scattering. SAXS patterns were acquired at a synchrotron source 

(Diamond Light Source, station I22, Didcot, UK) using monochromatic X-ray radiation 

( = 0.10 nm) and a 2D Pilatus 2M detector. A camera length of 10 m provided a q 

range from 0.014 nm-1 to 1.85 nm-1, where 


 sin4
q  is the length of the scattering 

vector and   is half of the scattering angle). A liquid cell comprising two mica windows 

(each of 25 μm thickness) separated by a 1 mm polytetrafluoroethylene spacer was used 

as a sample holder. In order to avoid sedimentation of the carbon particles on the time 

scale of the SAXS experiments, the liquid cell was mounted on a continuously rotating 

stage during data collection. Dawn software developed at Diamond Light Source was 

used for SAXS data reduction (i.e., integrating, normalisation and background-

subtraction). Irena SAS macros for Igor Pro33 was used for SAXS data analysis. 

 

Helium pycnometry. The solid-state densities of the Regal 250R carbon black and 

genuine diesel soot were determined using a Micrometrics AccuPyc 1330 helium 

pycnometer at 20oC. 

 

Surface area analysis. BET surface area measurements were performed using a 

Quantachrome Nova 1000e instrument with dinitrogen gas (mean area per molecule = 

16.2 Ǻ2) as an adsorbate at 77 K. Samples were degassed under vacuum at 100oC for at 
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least 15 h prior to analysis. The particle diameter, d, was calculated using the equation d 

= 6/(ρ.As), where As is the BET specific surface area in m2 g-1 and ρ is the carbon black 

density in g m-3 obtained from helium pycnometry. 

 

UV spectroscopy. UV spectra were recorded at 20oC using a Perkin Elmer Lambda 25 

instrument operating between 200 and 800 nm for dOCP in n-dodecane directly, while 

dilute solutions of PS-PEP diblock copolymer micelles were diluted with an equal 

volume of chloroform in order to ensure micellar dissolution and hence avoid the 

problem of UV scattering (see Chapter 2). A calibration curve was constructed for 

dOCP in n-dodecane and also for PS-PEP in chloroform. The latter copolymer had a 

molar extinction coefficient of 222 ± 2 mol-1 dm3 cm-1 at 262 nm, which was close to 

the literature value reported for polystyrene at the same wavelength.34 The supernatant 

depletion assay was conducted as follows. The desired mass of copolymer (3.0 – 90.0 

mg) was weighed into a glass vial. n-Dodecane (5.00 mL) was added to this vial and 

stirred at 20oC (Turrax stirrer, 1 minute), followed by heating to 110oC for 1 h. The 

resulting solution was added to a second glass vial containing carbon black (300.0 mg), 

stirred (Turrax stirrer, 1 minute), sonicated for 1 h, then placed on a roller mill for 16 h 

overnight to aid dispersion. The resulting carbon black dispersion was centrifuged for 4 

h at 18,000 rpm in a centrifuge rotor that was pre-cooled to 15oC so as to minimise 

solvent evaporation. Taking care not to disturb the sedimented carbon black particles, 

the supernatant was decanted into an empty vial and then analysed by UV spectroscopy. 

For PS-PEP micelles, 0.40 mL of this decanted solution was diluted with an equal 

volume of chloroform to ensure molecular dissolution of the copolymer micelles prior 

to analysis by UV spectroscopy. The aromatic chromophore at 262 nm corresponding to 

the polystyrene block in the PS-PEP copolymer was used to quantify the copolymer 

concentration remaining in the supernatant after exposure to the carbon black, thus 

enabling the adsorbed amount to be determined by difference. Essentially the same 

protocol was used for the dOCP, but in this case the aromatic amine chromophore at 

292 nm was used for quantification. No chloroform dilution was required in this latter 

case, since this copolymer does not form micelles in n-dodecane. The same analytical 

protocol was also used for genuine diesel soot, although in this case only 100.0 mg was 

used in each experiment. 
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Thermogravimetric analysis. Analyses were conducted on the two copolymers alone, 

the pristine carbon black and diesel soot, copolymer-coated carbon black particles and 

copolymer-coated soot particles. Each sample was heated up to 800oC under a nitrogen 

atmosphere at a heating rate of 10oC min-1 using a Q500 TGA instrument (TA 

Instruments). The mass loss observed between 300 and 550oC confirmed complete 

pyrolysis of both copolymers under these conditions, enabling the remaining 

incombustible residues to be attributed to either carbon black or diesel soot, 

respectively. 

 

X-ray photoelectron spectroscopy. Studies were conducted on carbon black and 

genuine diesel soot samples pressed onto indium foil using a Kratos Axis Ultra DLD X-

ray photoelectron spectrometer equipped with a monochromatic Al X-ray source (hv = 

1486.6 eV) operating at 6.0 mA and 15 kV at a typical base pressure of 10-8 torr. The 

step size was 1.0 eV for all survey spectra (pass energy = 160 eV). Spectra were 

typically acquired from at least two separate sample areas. CasaXPS software (version 

2.3.15) was used to analyse the spectra, including background subtraction (using the 

Shirley algorithm), elemental quantification and peak deconvolution. 

 

Analytical centrifugation. Carbon black aggregate diameters were determined using a 

LUMiSizer® analytical photocentrifuge (LUM GmbH, Berlin, Germany) at 20oC using 

2 mm path length polyamide cells. The LUMiSizer® is a microprocessor-controlled 

instrument that employs STEP™ Technology (Space- and Time-resolved Extinction 

Profiles) allowing the measurement of the intensity of transmitted light as a function of 

time and position over the entire cell length simultaneously. The progression of these 

transmission profiles contains information on the rate of sedimentation and, given 

knowledge of the effective particle density, enables calculation of the particle size 

distribution. Measurements were conducted on 1.0 % w/w carbon black or diesel soot 

dispersions in n-dodecane at 200-4000 rpm. In the present case, the effective particle 

density is significantly lower than that of either carbon black or diesel soot alone 

because of the presence of a relatively thick solvated shell of adsorbed copolymer. 
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Results and Discussion 
 

 

Carbon black and diesel soot characterisation 

 

The Regal 250R carbon black used in this Chapter was compared in terms of its particle 

size, morphology, specific surface area and surface chemistry to a particular diesel soot. 

BET surface area analysis yielded 43 m2 g-1 for the carbon black particles and 55 m2 g-1 

for the diesel soot, while helium pycnometry gave densities of 1.89 g cm-3 and 1.94 g 

cm-3, respectively. These data are in sufficiently close agreement to suggest that this 

particular grade of carbon black may be a useful mimic for diesel soot. Representative 

TEM images obtained for both carbon black and soot are shown in Figure 5.1. Analysis 

of these two images enables number-average diameters of 70 nm for carbon black and 

50 nm for genuine soot to be estimated. In Chapter 3, SAXS has been used to identify 

three hierarchical structures for this particular grade of carbon black when prepared as a 

dispersion in n-dodecane. Similar structures have been observed in the current study, 

see later. 

 

Figure 5.1. Transmission electron microscopy (TEM) images obtained for (a) carbon 

black and (b) diesel soot suspensions dried from n-heptane. The estimated number-

average particle diameters are (a) 70 nm and (b) 50 nm. 
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The carbon black and diesel soot particles formed stable colloidal suspensions when 

dispersed in water. Although not necessarily representative of those formed in n-

dodecane, such suspensions do enable aqueous electrophoresis studies to be conducted. 

The variation of both zeta potential and intensity-average particle diameter with solution 

pH for both colloidal substrates is shown in Figure 5.2. Carbon black aggregates are 

highly anionic (-30 to -45 mV) between pH 6 and pH 11. Below pH 6, the gradual 

reduction in surface charge leads to their progressive aggregation, from an initial 

characteristic sphere-equivalent diameter of 200 nm in alkaline media to flocs of more 

than 800 nm at an isoelectric point (IEP) of approximately pH 4.2 and micron-sized 

aggregates with appreciable cationic surface charge at pH 2-3. The diesel soot particles 

exhibit broadly similar behaviour, but with some subtle differences. The aggregates 

formed in alkaline media are somewhat larger, with sphere-equivalent diameters of 400-

440 nm and zeta potentials of around -40 mV; they remain more or less stable from pH 

11 to around pH 4, with an isoelectric point at approximately pH 3. Micron-sized 

aggregates are formed between pH 2 and pH 3. 
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Figure 5.2. Zeta potential and intensity-average diameter versus pH for dilute (0.002 % 

w/w) aqueous suspensions of (a) carbon black and (b) diesel soot particles at 25oC. 
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X-ray photoelectron spectroscopy (XPS) is a well-established surface analysis technique 

with a typical sampling depth of 2-5 nm.35, 36, 37 Figure 5.3 shows the survey spectra and 

core-line spectra (S 2p and O 1s) recorded for carbon black and diesel soot, 

respectively. The former substrate contains 98.3 atom % carbon, 1.1 atom % oxygen, 

and 0.6 atom % sulphur. In contrast, the latter substrate contains significantly more 

oxygen (6.3 atom %), but essentially zero sulphur (and 93.7 atom % carbon). As 

expected,27 examination of the C 1s core-line spectra shows little difference between 

carbon black and diesel soot (see Figure 5.4). These spectra are best fitted using an 

asymmetric graphitic carbon signal at 284.4 eV plus a shake-up satellite at 

approximately 291 eV. Unfortunately, this does not allow quantification of the degree 

of surface functionalisation of the carbon black and diesel soot. However, analysis of 

the O 1s spectra (Figures 5.3c and 5.3d) indicates the presence of at least two surface 

oxygen species for both carbon black and diesel soot. Following the work of Müller et 

al.,27 the two main O 1s species are assigned as C-O-C and C-O-H plus a possible minor 

carbonyl signal contributing to the carbon black spectrum. The latter two species could 

account for the anionic surface charge observed above pH 7, as indicated by aqueous 

electrophoresis studies (see Figure 5.2). 

 

 

DLS diameters obtained for carbon black and diesel soot particles suspended in n-

dodecane are comparable, with a slightly higher intensity-average diameter being 

observed for the former substrate (see Figure 5.5). This agrees with TEM studies, which 

suggest a lower number-average diameter for diesel soot (50 vs. 70 nm, see Figure 5.1). 

SAXS analyses are also consistent with these observations, see later. 
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Figure 5.3. X-ray photoelectron spectra recorded for both carbon black and diesel soot 

particles: (a) survey spectra; (b) S 2p core-line spectra; (c) peak-fitted diesel soot O 1s 

core-line and (d) peak-fitted carbon black O 1s core-line spectra. 
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Figure 5.4. XPS C 1s core-line spectra recorded for both diesel soot and carbon black. 

The envelopes were fitted assuming an asymmetric graphitic carbon species at 284.4 eV 

and a broad shake-up satellite at approximately 291 eV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. DLS particle size distributions obtained at 20oC for 0.001 % w/w 

suspensions of (a) Regal 250R carbon black and (b) diesel soot in n-dodecane. The 

polydispersity index (PDI) is shown in brackets. 
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Thermogravimetric analysis was used to assess the thermal stabilities of both carbon 

black and diesel soot on heating under a nitrogen atmosphere (see Figure 5.6). The 

former substrate exhibits a somewhat higher thermal stability than the latter, with mass 

losses of 0.75% and 6 % respectively being observed at 600oC. Above 600oC, 

substantial mass loss was observed for the diesel soot. However, this does not adversely 

affect the assessment of copolymer adsorption using this method, since complete 

pyrolysis of both copolymers used in this study is observed between 300 and 550oC 

under the same conditions, see below. 

 

 

Figure 5.6. Thermogravimetric curves obtained for carbon black and diesel soot. 

Analyses were performed under a nitrogen atmosphere at a heating rate of 10oC per 

min. 

 

 

 

 

 



Chapter 5 – Is carbon black a suitable model colloidal substrate for diesel engine soot? 

 

187 

 

 

Copolymer characterisation 

 

The two copolymers used in this Chapter were characterised using THF GPC and 1H 

NMR (CDCl3), see Table 5.1. These copolymers were selected because they represent 

two important classes of copolymer dispersant used for commercial engine oil 

formulations. PS-PEP is a polystyrene-block-poly(ethylene-co-propylene) diblock 

copolymer dispersant which forms polystyrene-core micelles in selective solvents such 

as n-alkanes (or engine oil). Such micelles adsorb intact onto carbon black particles to 

confer steric stabilisation at 20oC, as discussed in Chapter 2. However, it is not clear 

whether micelle adsorption also occurs at typical engine operating temperatures of 90-

100oC. In contrast, dOCP is a poly(ethylene-co-propylene) statistical copolymer 

containing a relatively low level of aromatic amine functionality. 

 

Table 5.1. Summary of copolymer composition, number-average molecular weight 

(Mn), weight-average molecular weight (Mw) and polydispersity (Mw/Mn) as determined 

by 1H NMR spectroscopy (CDCl3) and THF GPC (refractive index detector, vs. 

polystyrene standards) analysis of the two commercial copolymers used in this Chapter. 

 

 

Copolymer adsorption isotherms on carbon black and diesel soot 

 

Isotherms were constructed for the adsorption of each copolymer onto both carbon 

black and soot from n-dodecane using a supernatant depletion assay based on UV 

absorption spectroscopy, after centrifugal sedimentation of the carbon black particles 

(see Figure 5.7). n-Dodecane was selected instead of an engine base oil because the 

Copolyme

r ID 

Copolymer Description Polystyrene 

content, mol%  

(1H NMR, 

CDCl3) 

Mn 

 

kg 

mol-1 

Mw  
 

kg 

mol-1 

Mw/

Mn 

 

dOCP 

 

Poly(ethylene-co-propylene) 

statistical copolymer 

 

 

N/A 

 

98 

 

146 

 

1.49 

 

PS-PEP 

 

Polystyrene-block- 

poly(ethylene-co-propylene) 

diblock copolymer 

 

 

28 

 

117 

 

121 

 

1.04 
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latter solvent invariably contains UV-absorbing species, which renders UV 

spectroscopy analysis problematic. For PS-PEP, the polystyrene block acts as a 

convenient UV chromophore, since it gives rise to a strong signal at 262 nm.38 In the 

case of dOCP, a strong absorbance at 292 nm resulting from its aromatic amine 

functionality provides a suitable UV signal. It is well known that PS-PEP forms 

polystyrene-core micelles in n-alkanes.22, 39, 40 Hence the supernatant assay cannot be 

performed directly in such solvents because of light scattering at shorter wavelengths. 

Instead, the supernatant solution obtained after centrifugation of the carbon particles is 

diluted with an equal volume of chloroform. It was introduced in Chapter 2 that addition 

of this good solvent for the polystyrene chains causes micellar dissociation, producing 

molecularly-dissolved copolymer chains that are suitable for the UV assay.  Addition of 

chloroform was not required for the dOCP, since this copolymer does not form micellar 

structures in n-dodecane. Langmuir-type adsorption is observed for both copolymers, 

with the plateau region indicating monolayer coverage.41 Such behaviour is expected for 

adsorption of individual copolymer chains, but it is worth emphasising that PS-PEP is 

actually adsorbed in the form of micelles (see Chapter 2). Thus it seems rather counter-

intuitive that PS-PEP actually has a lower maximum adsorbed amount (Γ = 2.4 mg m-2) 

than the latter (Γ = 3.1 mg m-2). One explanation for this apparent discrepancy is that 

the dOCP copolymer forms intermolecular aggregates in solution, rather than 

molecularly dissolved chains. Indeed, this is consistent with the observed sedimentation 

of dOCP during centrifugation (see below). 
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Figure 5.7. Adsorption isotherms obtained for (a) dOCP and (b) PS-PEP additives 

adsorbed onto carbon black (black) and diesel soot (red) from n-dodecane (after heating 

to 110oC for 1 h) at 20oC, as determined using a UV spectroscopy-based supernatant 

depletion assay. 
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Thermogravimetric analysis (TGA) was also used to quantify the extent of adsorption of 

each copolymer on the surface of carbon black and diesel soot particles from n-

dodecane. Minimal mass loss occurred on heating such particles to 550oC under an inert 

atmosphere (see Figure 5.6). In contrast, both copolymers were fully pyrolysed under 

these conditions (see inset thermograms in Figure 5.8). Thus pyrolysis of the 

copolymer-coated carbon black and soot particles (isolated as compacted sediments 

after centrifugation) allows the adsorbed amount of copolymer to be determined 

directly. A series of thermograms are shown in Figure 5.8. Higher mass losses are 

observed between 300 and 550oC as the initial copolymer concentration is gradually 

increased. Initially, similar adsorption affinities are observed for each copolymer on 

both carbon black and diesel soot, while the maximum adsorbed amount (corresponding 

to monolayer coverage) was higher for the latter substrate. Adsorption isotherms 

constructed using each technique for both copolymers adsorbed onto soot are shown in 

Figure 5.9. When assessed using TGA, the apparent adsorbed amount continues to 

increase beyond the monolayer coverage value indicated by UV spectroscopy. 

However, control experiments conducted in the absence of any carbon black (or diesel 

soot) confirm that both copolymers are partially sedimented under the centrifugation 

conditions used for the adsorption studies. This observation is understandable for the 

PS-PEP copolymer, because TEM, DLS and SAXS studies indicate micelle formation 

in n-dodecane (see Chapter 2). It is perhaps less clear why the dOCP copolymer should 

form aggregates in solution, but this may be related to its low degree of diphenylamine 

functionality, which is likely to lead to intermolecular п-п stacking interactions.42 In 

view of these observations, TGA should be reliable below (and up to) monolayer 

coverage, because under these conditions there is essentially no excess copolymer in the 

supernatant. However, the adsorbed amount tends to be overestimated by this technique 

when either copolymer is present in excess, since non-adsorbed copolymer is 

sedimented along with the carbon black (or diesel soot) particles. For the same reason, 

the UV supernatant depletion assay necessarily underestimates the adsorbed amount of 

copolymer when working above monolayer coverage. Although this technical problem 

is an important caveat, the TGA data nevertheless confirms a higher equilibrium 

adsorbed amount for dOCP compared to PS-PEP for both substrates (see Table 5.2). 
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Figure 5.8. Thermogravimetric curves obtained for the adsorption of increasing 

amounts of dOCP onto (a) carbon black and (b) diesel soot, and PS-PEP onto (c) carbon 

black and (d) diesel soot from n-dodecane at 20oC. Analyses were performed under a 

nitrogen atmosphere at a heating rate of 10oC per min. Under these conditions, the 

copolymers are completely pyrolysed between 300 and 550oC (see insets). Thus the 

observed mass loss at 550oC for copolymer-coated soot particles can be attributed to the 

copolymer content (after correcting for the diesel soot mass loss over the same 

temperature range). This direct method for determining the adsorbed amount of 

copolymer is in reasonable agreement (at least up to monolayer coverage) with the 

indirect UV supernatant assay method (see adsorption isotherms shown in Figure 5.9). 
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Figure 5.9. Adsorption isotherms obtained for (a) dOCP and (b) PS-PEP copolymers 

adsorbed onto diesel soot from n-dodecane at 20oC (after initial heating to 110oC for 1 h 

to aid dissolution), as determined using a UV spectroscopy-based supernatant depletion 

assay (blue data points) and directly via thermogravimetric analysis (red data points). 
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Table 5.2. Adsorbed amounts (Γ) obtained at monolayer coverage for the dOCP and 

PS-PEP copolymers on carbon black and diesel soot as determined indirectly via 

supernatant depletion assay using UV spectroscopy and directly via thermogravimetric 

analysis. 

 
 

Relative degrees of dispersion of carbon black and diesel soot in n-dodecane 

 

In principle, a smaller apparent particle size indicates a higher degree of dispersion for 

the carbon black or diesel soot particles in n-dodecane. In this context, there are two 

particle size regimes of interest. Micron-sized agglomerates (or mass fractals43) are 

readily visualised by optical microscopy.44 Figure 5.9 shows representative optical 

microscopy images obtained for both carbon black and diesel soot particles when using 

PS-PEP copolymer as a dispersant (at 10 % w/w based on the mass of particles). 

Clearly, similar degrees of dispersion are observed for each substrate. Moreover, TEM 

images recorded for the submicron-sized populations of carbon black and diesel soot 

particles are also comparable. In principle, analysis of these submicron-sized 

populations can be achieved for both colloidal substrates using analytical centrifugation 

(LUMiSizer® instrument).45, 46, 47 In practice, this technique requires an accurate 

particle density. However, determining this parameter can be problematic for sterically-

stabilised particles, particularly for thick stabiliser layers on relatively small particles. In 

Chapter 4, an effective particle density of 0.91 g cm-3 has been calculated for PS-PEP-

coated carbon black particles in n-dodecane. This density is significantly lower than that 

of carbon black alone (1.89 g cm-3), which leads to a substantial correction to the 

volume-average particle diameter determined by analytical centrifugation. In the 

absence of any other data, the above effective particle density has been used for both 

dOCP-coated carbon black particles and also for both types of copolymer-coated diesel 

soot particles. 

Copolymer ID 

Γ (UV) / mg m-2 Γ (TGA) / mg m-2 

Carbon 

Black 

Diesel 

Soot 

Carbon 

Black 

Diesel 

Soot 

dOCP 3.6 3.1 2.5 3.8 

PS-PEP 2.9 2.4 2.4 3.2 
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Figure 5.9. Optical microscopy, TEM and LUMiSizer® raw profile plots and volume-

average particle size distributions obtained at 20oC for: (a) carbon black particles 

dispersed in n-dodecane; (b) diesel soot particles dispersed in n-dodecane. In each case 

10 % PS-PEP copolymer by mass was utilised relative to the colloidal substrate. 
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The volume-average particle size distributions determined for PS-PEP-coated carbon 

black and diesel soot particles using this effective particle density are shown in Figure 

5.9. This analysis was conducted at a concentration of 1.0 % w/w carbon black (based 

on solvent), since higher concentrations tend to give artificially low volume-average 

diameters due to hindered settling and multiple scattering,46 see Figure 5.10. 

Remarkably similar volume-average particle diameters (125 nm vs. 127 nm) are 

calculated, which suggests that carbon black is a useful model substrate for 

understanding the behaviour of diesel soot, at least for this particular copolymer under 

these conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10. A plot of LUMiSizer® volume-average diameter versus total solids 

concentration obtained at 20oC for carbon black particles dispersed in n-dodecane with 

10 % PS-PEP copolymer by mass (relative to carbon black). 

 

In Figure 5.11, the equivalent optical microscopy and TEM images obtained for dOCP-

coated carbon black (or diesel soot) particles are presented. However, in this case the 

diesel soot is substantially more aggregated than carbon black particles prepared under 

the same conditions. This conclusion is reinforced by the analytical centrifugation data, 

which report an apparent volume-average particle diameter of 5.2 μm for the diesel soot 

particles, but only 128 nm for the carbon black particles. Thus, for this particular 

copolymer at this specific concentration, it is clear that carbon black is a poor mimic for 

the behaviour of diesel soot. These differences are most likely the result of a specific 

acid-base interaction between the diphenylamine-functionalised dOCP copolymer and 
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the carboxylic acid-rich surface of the diesel soot, which leads to bridging flocculation 

rather than steric stabilisation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11. Optical microscopy, TEM and LUMiSizer® raw profile plots and volume-

average particle size distributions obtained at 20oC for: (a) carbon black particles 

dispersed in n-dodecane; (b) diesel soot particles dispersed in n-dodecane. In each case 

10 % dOCP copolymer by mass was utilised relative to the colloidal substrate. 
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SAXS analysis 

 

It is well known that the morphology of carbon black (and diesel soot) can be described 

as a complex hierarchy composed of five structures/levels: (i) fractal agglomerates at 

the micron length scale, (ii) aggregates and (iii) primary particles at the nm scale, (iv) 

sub-units (a turbostratic structure comprising graphite-like layers arranged in non-

aligned basal planes) at the sub-nm scale, and finally (v) graphite-like carbon layers at 

the atomic scale.48, 49, 50, 51, 52 The first three structures can be analysed by 

SAXS/USAXS (ultrasmall-angle X-ray scattering) and are shown in cartoon format in 

Figure 5.12, while the remaining two structures can be characterised using wide-angle 

X-ray scattering (WAXS). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.12. Schematic cartoon illustrating the three structural morphologies identified 

for carbon black and diesel soot via SAXS analysis. The rough surface fractal nature of 

the primary particles (and aggregates) is not shown in this cartoon. 

 

 

The primary particles are fused together to form aggregates that are considered to be 

unbreakable via dispersion processes,51 but the larger hierarchical structures can be 

affected by the processing conditions.48, 53, 54 Thus SAXS/USAXS measurements are 

often employed for characterisation of carbon black/diesel soot in order to obtain 

structural information regarding the organisation of the aggregated particles.51, 54, 55 In 

this context, the unified Guinier plus power law approach proposed by Beaucage is 

commonly employed,56, 57, 58 since it enables an arbitrary number of interrelated 

structural features at various length scales to be described.51, 59 The scattering profile is 

Agglomerate (mass fractal)

Primary Particle

Aggregate



Chapter 5 – Is carbon black a suitable model colloidal substrate for diesel engine soot? 

 

199 

 

 

decomposed into the scattering intensity, I(q), arising from each structural element 

comprising the hierarchical structures. It can be expressed analytically as follows: 
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where N is the number of structural elements, and the scattering intensity originating 

from each structural element (the expression enclosed by the square brackets) is 

represented as the sum of two components describing the Guinier and power laws 

respectively. Gi is the Guinier pre-exponential factor of the ith structural element and Bi 

is a prefactor of the power-law scattering. Rg, i and Rg, i+1 are radii of gyration of a large-

scale structure and a small-scale substructure, respectively. The exponent term 

associated with Rg, i+1 provides a high q cut-off for the power law component, which is 

incorporated into equation 1 in order to describe scattering from a system with inter-

related multi-scale features. This factor is commonly used to describe mass fractals.33, 57 

If it is not required, the exponent term is assumed to be unity. Pi is a scaling exponent of 

the power law assigned to the larger structure Rg, i. Generally, the numerical value of the 

exponent enables the structural morphology to be classified. For mass fractals Pi < 3, for 

surface fractals 3 < Pi < 4, for Porod's law (smooth surface with a sharp interface) Pi = 4 

and for diffuse interfaces Pi > 4 (negative deviation from Porod's law). ki is an empirical 

constant that is either unity for steep power law decays (Pi > 3) or equal to 1.06 for mass 

fractals (1.5 < Pi < 3).57 Weakly-correlated particles can also be considered using 

equation 1 by incorporating a structure factor, Si(q),58, 60 which comprises a damped 

spherical correlation of colloidal particles: 

1

,
)](1[)( 

icii
qRfqS                                                             (2) 

where 
3

,,,,,
)/()]cos()[sin(3)(

icicicicic
qRqRqRqRqRf  is the form factor for spherical 

interactions correlated over a distance Rc and  describes the degree of correlation, 

which is assumed to be weak if  < 3. If no correlations are present for the ith structural 

element/level, then 1)( qS
i . The multi-level unified fit, equation 1, is implemented as a 

routine in the SAXS data analysis software Irena SAS macros for Igor Pro.33 
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Figure 5.13. Representative SAXS patterns recorded for 1.0 % w/w carbon black or 

diesel soot dispersions in n-dodecane in the absence and presence of two commercial 

copolymer dispersants (dOCP and PS-PEP; 10.0 % w/w loading based on carbon black 

or diesel soot particles). The lower group of patterns were obtained for carbon black 

particles and the upper group were obtained for diesel soot. Dashed lines indicate power 

law gradients for the scattering intensity. Solid black lines indicate multi-level unified 

fits to the data. Coloured lines indicate unified fits to the mass fractals (green), and the 

Guinier components of the unified fits to both the agglomerates (blue) and the primary 

particles (red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14. Porod plots for representative SAXS patterns recorded for 1.0 % w/w 

carbon black or diesel soot dispersions in n-dodecane in the absence and presence of 

two commercial copolymer dispersants (dOCP and PS-PEP; 10.0 % w/w loading based 

on carbon black or diesel soot particles). The lower group of patterns were obtained for 

carbon black particles and the upper group were obtained for diesel soot. Solid lines 

indicate multi-level unified fits to the experimental data. 
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Three hierarchical structures can be identified in the SAXS pattern recorded for the 

original carbon black dispersed in n-dodecane (Figure 5.13 and Figure 5.14, low SAXS 

pattern). By analogy with previous work,55 the SAXS intensity gradient of -2.3 for q < 

0.03 nm-1 is associated with mass fractals formed by carbon black aggregates and the 

corresponding gradient of -3.8 for 0.1 nm-1 < q < 0.2 nm-1 is assigned to surface fractals 

of the aggregates. Primary particles can be clearly identified as an upturn in SAXS 

intensity at q ~ 0.3 nm-1 via a Porod plot (Figure 5.14, low pattern). Thus SAXS patterns 

obtained for the original carbon black dispersion in n-dodecane can be interpreted as a 

superposition of scattering from primary particles (level 3), aggregates of these primary 

particles (level 2) and mass fractals of the aggregates (level 1), Table 5.3. 

 

Table 5.3. Calculated parameters for three hierarchical structures (levels) derived from 

multi-level unified fits to the experimental SAXS patterns recorded for 1.0 % w/w 

carbon black or diesel soot dispersions in the absence and presence of two commercial 

copolymer dispersants (dOCP and PS-PEP). P1, P2 or P3 is the relevant power law 

exponent, 2Rg,2 or 2Rg,3 is the size of the structural element, Rc,3 is the correlation 

distance and  is the corresponding degree of correlation. 

 

N.B. Errors in the fitted parameters shown in this Table are within a unit of the last digit 

of the values given. 

* A radius of gyration of the agglomerate was incorporated into the fitting model, Rg,1 = 

340 nm. 

** This parameter was fixed during SAXS data fitting. 

 

Sample description 

Level 1 

(fractals) 

Level 2 

(aggregates) 

Level 3 

(primary particles) 

P1 
2Rg,2 

/nm 
P2 

2Rg,3 

/nm 
P3 Rc,3 3 

Carbon black particles 2.7 105 3.8 14.2 1.7 20 2.2 

Carbon black particles 

plus 

10 % w/w dOCP 

 

2.0 

 

76 

 

4.2 

 

13.0 

 

2.2 

 

22 

 

2.3 

Carbon black particles 

plus 

10 % w/w PS-PEP 

 

2.3* 

 

102 

 

4.0 

 

13.6 

 

2.0 

 

22 

 

2.2 

Diesel soot particles 2.1 74 3.8 14.0** 1.8 - - 

Diesel soot particles 

plus 

10 % w/w dOCP 

1.7 70 4.1 14.0** 2.4 - - 

Diesel soot particles 

plus 

10 % w/w PS-PEP 

1.7 71 4.0 14.0** 2.2 - - 
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Structural characteristics of the carbon black can be determined by fitting the unified 

model to the scattering patterns, equation 1. A multi-level unified fit approach described 

in a previous study51 has been employed for the SAXS analysis in this work. The SAXS 

pattern for the initial dispersion of carbon black in n-dodecane is reasonably well 

described by this model (see the lowest patterns in Figures 5.13 and 5.14). The mean 

primary particle size, 2Rg,3, is 14.2 nm (Table 5.3, level 3) ,which is comparable to data 

reported in other studies.48, 51, 55 The aggregate size, 2Rg,2 = 105 nm (Table 5.3, level 2) 

corresponding to particle diameter 81 nm ( ,2
2 3 / 5

g
R ) is also within the size range 

observed previously.48 The power law exponent for these aggregates, P2 is equal to 3.8 

(Table 5.3). Since this value is just below 4.0, it suggests that the primary particles 

comprising these aggregates have a slightly rough surface. It is usually found that the 

power law exponent for such aggregates ranges from 3.4 to 4.0,48, 51, 52, 54, 59 suggesting 

that the electron density distribution at the primary particle surface can vary according 

to the synthesis method and processing conditions. The power law exponent of the mass 

fractals formed by the aggregates (Table 5.3, level 1) corresponds to a fractal dimension 

Dm (or P1) of 2.7. A similar fractal dimension was observed for diesel soot dispersed in 

acetone.55 Thus the structural morphology of the carbon black particles dispersed in n-

dodecane can be described as relatively compact mass fractals (Figure 5.1). It was also 

found that incorporating an appropriate structure factor into the model produced a better 

fit to the SAXS pattern recorded for the primary particles (level 3). More detailed 

analysis revealed a weak correlation between the primary particles (3 < 3, see Table 

5.3). The power law exponent calculated for the primary particles, P3, is also given in 

Table 5.3. This parameter is based on the scattering at high q. However, it is difficult to 

interpret such exponents as this region of the scattering pattern is influenced by excess 

scattering from a smaller hierarchical carbon structure (sub-units of ~ 1.5 - 2.0 nm) and 

also by internal inhomogeneities within carbon particles comprising both crystalline and 

amorphous phases.49, 51, 59   

 

The model incorporating three hierarchical levels utilised for the carbon black particles 

also produced a reasonably good fit to the SAXS patterns recorded for a 1.0% w/w 

diesel soot dispersion in n-dodecane (see Figures 5.13 and 5.14). However, inspection 

of Figure 5.14 reveals some structural organisation differences between carbon black 

and diesel soot particles. For example, there were no pronounced features at q ~ 0.3 nm-
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1 corresponding to primary particles (level 3). Thus Rg,3 was assumed to be similar to 

that of carbon black (14 nm; see Table 5.3) and this parameter was held constant during 

data fitting. SAXS analysis showed that the radius of gyration of the soot aggregates, 

Rg,2 = 37 nm (Table 5.3, Level 2), which corresponds to a mean particle diameter of 57 

nm ( ,2
2 3 / 5

g
R ),  is significantly smaller than that calculated for the carbon black 

aggregates. This result is consistent with TEM observations and DLS data. The power 

law exponent, P2, for these aggregates is 3.8. This value is quite similar to that of carbon 

black (see Table 5.3), suggesting a comparable degree of surface roughness for the 

diesel soot primary particles. The power law exponent for the mass fractals formed by 

the aggregates (Table 5.3, level 1) corresponds to a fractal dimension of 2.1. Thus, 

compared to the carbon black particles, the structural morphology of the soot particles 

dispersed in n-dodecane can be described as relatively loose mass fractals. This 

conclusion is also supported by TEM studies (see Figure 5.1). 

  

SAXS patterns indicate that addition of either dOCP or PS-PEP has a similar effect on 

the hierarchical structure of both carbon black and diesel soot particles. In all cases, the 

characteristic mass fractal dimension, P1, is significantly reduced (see Table 5.3), 

suggesting that the addition of either copolymer transforms the initially compact 

agglomerates into relatively loose aggregates. In the case of dOCP, the mean size of the 

carbon black aggregates is also reduced.  There is also a discernible increase in the 

power law exponent for the aggregates, P2, from 3.8 up to 4.2 (see Table 5.3). This 

suggests copolymer adsorption, since copolymer chains of relatively low electron 

density coating relatively high electron density carbon black aggregates is expected to 

produce a diffuse interface between the aggregates and the surrounding environment. 

This leads to a negative deviation from Porod's law, for which the scattering intensity 

gradient is normally equal to -4.0. SAXS analysis of the carbon black also confirms that 

the primary particle size remains approximately 14 nm, with insignificant deviations in 

the other parameters associated with this structural level. Thus addition of either dOCP 

or PS-PEP to the carbon black does not significantly affect the structure of its primary 

particles. It is assumed that this is also the case for diesel soot. 
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Conclusions 

 

In summary, certain grades of carbon black such as the one studied herein can be useful 

mimics for understanding the behaviour of specific types of diesel soot. These two 

colloidal substrates can possess rather similar fractal morphologies, grain sizes and 

densities. Moreover, copolymer adsorption behaviour may be reasonably comparable, 

despite discernible differences in surface elemental composition. 

 

SAXS can be used to assess the various hierarchical structures of both carbon black and 

diesel soot. For example, the mean radius of gyration determined for soot aggregates is 

significantly smaller than that calculated for carbon black aggregates. In the absence of 

any copolymer, soot particle suspensions in n-dodecane comprise relatively loose mass 

fractals compared to the corresponding carbon black suspensions. SAXS also provides 

evidence for copolymer adsorption and indicates that addition of either copolymer 

transforms the initially compact agglomerates into relatively loose aggregates. Based on 

SAXS analysis, addition of either dOCP or PS-PEP to the carbon black does not 

significantly affect the structure of its primary particles. It is believed that this is also 

the case for diesel soot. 

 

In favourable cases, remarkably similar experimental data can be obtained for carbon 

black and diesel soot when using dOCP and PS-PEP as copolymer dispersants. 

However, it is not difficult to identify certain copolymer-particle-solvent combinations 

for which substantial differences can be observed. Such observations are most likely the 

result of dissimilar surface chemistries, which can have a profound effect on the 

colloidal stability. 
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Conclusions 
 

In this thesis, the adsorption of five commercial copolymer engine oil additives onto 

both genuine diesel soot and carbon black (a model colloidal substrate) has been 

investigated. Characterising copolymer-stabilised carbon black particles is not trivial. 

For example, sizing such particles via analytical centrifugation first requires accurate 

knowledge of copolymer-adsorbed particle densities. This has been successfully 

calculated for four commercial copolymers using Stokes’ law. One of the fundamental 

questions at the start of this project was whether a poly(styrene-b-hydrogenated 

isoprene) diblock copolymer adsorbs onto carbon black/soot particles as micelles or as 

individual copolymer chains. It has been shown that such copolymers adsorb as micelles 

at 20oC, and an understanding of such adsorption behaviour can be used to identify how 

such a dispersant additive can be modified to improve diesel soot dispersibility. For 

example, cross-linking of the polystyrene core should achieve more robust micelles that 

are no longer capable of dissociation into molecularly dissolved copolymer chains. 

Furthermore, an increase in polystyrene content should lead to larger micelle cores with 

a greater surface affinity and capable of forming a thicker layer. 

 

The construction of adsorption isotherms for each copolymer onto carbon black and 

diesel soot allows the opportunity to develop more efficient formulations by preventing 

the use of excess additive. Indeed, analytical centrifugation has shown that the volume-

average aggregate diameter of both carbon black and diesel soot remain relatively 

constant above the knee of each adsorption isotherm (see Chapters 3, 4 and 5). 

Furthermore, understanding how a copolymer designed for a specific purpose can in 

fact affect other properties of an engine oil formulation may explain why seemingly 

good oil formulations sometimes fail engine tests. For example, a poly(styrene-b-

hydrogenated isoprene) star copolymer used commercially as a viscosity index 

improver has been assessed for its efficacy as a carbon black dispersant in Chapter 3. 

Surprisingly, it was found that this copolymer actually acts as a flocculant at low 

concentrations, which could prove catastrophic in engine oil formulations, where such 

flocculation could lead to substantial abrasion and long-term engine wear. 
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It has become clear that changes in temperature affect various physical properties of an 

engine oil formulation. Additive solvency plus oil density and viscosity are altered. 

Since a typical automotive diesel engine typically operates over a range of ~ -10oC to 

110oC, a detailed understanding of the effect of temperature on carbon black/diesel soot 

dispersion stability is paramount. In Chapter 4, it was found that carbon black 

dispersion stability is reduced at elevated temperatures, and this is dependent on the 

type of copolymer used to stabilise such dispersions. An increase in copolymer solvency 

plus a change in stabiliser chain conformation are two factors that are expected to 

influence the dispersion stability. Thus, the importance of designing dispersant 

copolymer additives that are effective over a wide range of operating temperatures is 

highlighted. 

 

In Chapter 5, a specific grade of carbon black (Regal 250R) has been proven to be a 

good mimic for genuine diesel engine soot under certain conditions, despite obvious 

differences in surface elemental composition highlighted by X-ray photoelectron 

spectroscopy. Subtle differences in dispersion stabilities and aggregate diameters have 

been demonstrated, although such differences do not appear to have much of an effect 

on dispersant copolymer adsorption or substrate dispersion stabilities. However, it is not 

difficult to identify conditions under which substantial differences between carbon black 

and diesel soot can be observed, at least for certain commercial copolymers. 

 

A number of analytical techniques have been used to better understand the efficacy of 

various commercial copolymers as soot dispersants in engine oil. Of these techniques, 

small-angle X-ray scattering (SAXS) and analytical centrifugation have proven to be the 

most powerful. SAXS has enabled detailed characterisation of the self-assembled 

micelles formed by three diblock copolymers in n-alkane solvents. Furthermore, it has 

enabled a better understanding of the multi-levelled hierarchical structures of both 

carbon black and genuine diesel soot, and confirmed the presence of copolymer chains 

adsorbed on the substrate surface. Analytical centrifugation using a LUMiSizer® 

instrument has been invaluable in assessing how carbon black and soot dispersion 

stabilities depend on both copolymer concentration and temperature. Although a disc 

centrifuge photosedimentometer was also available, the LUMiSizer® instrument was 

preferred since it allowed analysis between 4oC and 60oC, the use of n-alkane solvents, 
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a small sample volume (~1.0 ml) when using expensive solvents such as d26-dodecane, 

and the simultaneous analysis of multiple samples in disposable cells, removing the 

necessity of cleaning between runs. 

 

Further techniques were utilised, albeit with associated caveats. For example, UV 

spectroscopy and thermogravimetric analysis (TGA) were used to quantify the adsorbed 

amount of each copolymer onto the surface of carbon black and soot. While comparable 

up to monolayer coverage, these techniques subsequently diverged, hence giving 

different isotherms for the same copolymer in this region. Sedimentation of excess non-

adsorbed copolymer was shown to be the reason for this unexpected problem. This 

highlights the care which must be taken when drawing conclusions from a single set of 

experimental results. 

 

Overall, an improved understanding of both the performance of commercial copolymer 

dispersants as engine oil additives and the fundamental interactions between such 

additives and the surface of carbon black and genuine diesel engine soot has been 

achieved. Effective densities of copolymer-stabilised carbon black particles have been 

calculated, and their importance demonstrated in the context of meaningful analytical 

centrifugation. Furthermore, a critical examination of the optimum concentration of 

each copolymer has been undertaken, hence providing a valuable insight into the 

optimisation of diesel engine oil formulation at a given soot loading. 

 

Future Work 

 

This thesis has shown that poly(styrene-b-hydrogenated isoprene) and poly(styrene-b-

hydrogenated butadiene) diblock copolymers adsorb onto the surface of carbon black 

and genuine diesel soot from an n-alkane solvent as micelles rather than individual 

copolymer chains at 20oC. To extend this work, a similar investigation focusing on the 

effect of temperature on the equilibrium adsorbed amount could be conducted. Ideally, 

temperatures of up to 90-110oC should be examined, because this range corresponds to 

the operating temperature of an automotive diesel engine. However, this would require 
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access to a high temperature centrifuge in order to separate the copolymer-coated 

carbon black particles from the excess non-adsorbed copolymer chains. 

 

In Chapter 4, the adsorption of three diblock copolymers onto carbon black has been 

examined, and the resulting dispersion stabilities assessed. These copolymers differed in 

polystyrene content, solvophilic stabiliser block and molecular weight. Ideally, each of 

these parameters should be altered independently and systematically, hence allowing 

their effect on copolymer adsorption and carbon black dispersion stability to be 

determined. For example, a higher polystyrene content is likely to lead to a higher 

copolymer adsorbed amount and a thicker stabiliser layer. This should in turn lead to 

more colloidally stable dispersions. 

 

The effective density of copolymer-stabilised carbon black particles has been 

determined using four diblock copolymers. Such effective densities should also be 

calculated for these copolymers adsorbed onto genuine diesel soot. It can be expected 

that these densities will be slightly higher to those calculated for carbon black, since 

diesel soot has a higher density than carbon black (1.94 g cm-3 versus 1.89 g cm-3) and 

the equilibrium adsorbed amount of copolymer is substrate-dependent. 

 

In Chapter 4, the effect of temperature on carbon black dispersion stability is briefly 

discussed. Although this was assessed at the micron length scale by optical microscopy 

(OM), a quantitative study of such dispersions at the submicron length scale using 

analytical centrifugation was not possible. This is because effective densities have not 

been calculated for such sterically-stabilised particles at elevated temperatures. In 

principle, this could be achieved by measuring sedimentation velocities at 60oC using 

the LUMiSizer instrument. This would then enable accurate particle size analysis of 

dispersions at this temperature. This would provide a better understanding of how this 

important parameter affects carbon black dispersion stability. Further high temperature 

OM studies could provide better insight into the effect of temperature on the colloidal 

stability of carbon black and diesel soot dispersions, at least at the micron length scale. 

Quantification would require digital image processing to obtain statistically significant 

data. However, unlike analytical centrifugation, OM does not require any knowledge of 

the effective particle density and is hence readily extended from model solvents such as 
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n-dodecane to genuine engine base oils. Moreover, in principle this approach could be 

used to assess the degree of dispersion of diesel soot particles in aged fully-formulated 

engine oils. 

 

In an engine oil formulation, a collection of polymer additives must perform their 

functions harmoniously. In this thesis, five copolymer additives have been assessed 

individually in order to gain a better understanding of their carbon black and engine soot 

dispersion efficiency. While this is beneficial in optimising a specific copolymer 

additive, it does not reflect the more complex environment in which such additives 

operate. Thus, an investigation into binary (and ternary) mixtures of copolymer 

dispersants, plus the addition of further copolymer additives present in a formulation (an 

‘ad pack’) would most likely prove highly beneficial from an industrial perspective. The 

competitive adsorption of binary (or ternary) mixtures, plus the adsorption of one 

copolymer followed by its attempted displacement by a second copolymer should prove 

useful in helping to understand how best to optimise engine oil formulations. 

 

SAXS has proven invaluable in helping to develop an understanding of copolymer 

interactions with carbon black and diesel soot dispersions in n-alkanes. An extension of 

this work could look at the effect of temperature on dispersion stability. The adsorbed 

copolymer layer thickness on carbon black or diesel soot may well change due to either 

desorption or stabiliser collapse at elevated temperatures. Furthermore, SAXS can be 

used to calculate particle densities; hence the effective particle densities of copolymer-

stabilised carbon black and diesel soot particles could be calculated using this 

technique. This would help to verify the accuracy of effective particle densities 

determined via analytical centrifugation. 

 

 


