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ABSTRACT 

 

Surface forces are driving most physical and chemical processes at colloidal and 

molecular levels. The present study aims to develop an in-depth understanding on 

surface forces in dispersions, in particular (a) how molecular attributes of adsorbed 

additive affect the nature of surface forces, and (b) to bring new insight in the 

characterizing technique of flocculated-dispersed state transition for dilute colloidal 

dispersions.   

 

Firstly, a conformational structure-surface force correlation was developed by 

evaluating the effects of pure enantiomeric and racemate malic acids on the yield stress 

of α-Al2O3 (alumina) suspensions to determine the nature of inter- or intra-molecular 

forces responsible for the type of surface forces operating in the suspension. The effect 

of pH on the yield stress and zeta potential behaviours of alumina dispersions with the 

addition of D-, L- and racemate (DL) malic acids were evaluated. Conformational 

structures and intra-molecular hydrogen bonding of the adsorbed malic acids obtained 

via molecular modeling were used to explain the surface forces operating in the 

dispersions. It was found that the yield stress-pH behaviour is almost identical for D-, 

L- and DL- malic acids. At low surface coverage of adsorbed malic acid, the maximum 

yield stress was reduced by as much as 55%. At complete surface coverage the 

reduction decreased to ~40%. Molecular modelling showed the presence of intra-

molecular hydrogen between the hydroxyl and the (free) charged carboxylate group 

within the malic acid molecule. Intra-molecular hydrogen bonding and the high number 

of strongly bound water molecules (hydration number of malic di-ionic species) were 

likely responsible for the di-ionic malic acid species acting as a very effective steric 

agent. At complete surface coverage, the intermolecular hydrogen bond formed between 
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the layers of adsorbed malic acid, is responsible for the small rise in the maximum yield 

stress. Racemate malic acid produced a smaller maximum yield stress at complete 

surface coverage compared to the pure enantiomers.  

 

Next, a group of polyaminocarbonate compounds was selected; 

ethylenediaminetetracetic acid (EDTA), nitrilotriacetic acid (NTA) and (S,S)-

ethylenediamine-N,N’-disuccinic acid (EDDS). At low additive concentrations and in 

the soluble pH region, all three additives perform as steric agents as reflected by the 

large reduction in the maximum yield stress. Like the malic acid molecule, 

intramolecular was found to be present in all three additives at the pH of maximum 

yield stress. At higher additive concentration and at lower pH, precipitate bridging was 

formed by both NTA and EDDS additives. EDTA precipitate was however the 

exception. It is believed that this is the first result ever reported where precipitate did 

not increase the maximum yield stress. 

 

There is another related polyaminocarbonate compound; diethylenetriaminepentacetic 

acid (DTPA). DTPA was found to act as an effective steric agent at concentration as 

low as 0.05 dwb% up to as high as 0.8 dwb%. The maximum yield stress of the 

suspension was reduced by up to 76%. When compared to its lower molecular weight 

(Mw) counterparts; EDTA and NTA, this work revealed that DTPA had negligible 

bridging capability despite having a higher Mw and degree of branching. DTPA, EDTA 

and NTA were deduced to adsorb lying flat on the particle surface. Chelating EDTA 

and DTPA to metal ions increased the rigidity of its structures. The [ZnDTPA]
3-

 and 

[CuDTPA]
3-

 imparted certain degree of bridging between particles. This bridging 

interaction is quite weak. The chelate structure showed the possibility of particle 

bridging occurring. However [ZnEDTA]
2-

, [CuEDTA]
2-

 and [FeEDTA]
-
 did not possess 
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a structure for particle bridging to occur, and as a result they acted as effective steric 

agents. The DTPA complex ions have two free carboxylate groups to participate in 

bridging while that of EDTA has none.    

 

Next, a group on very rigid, planar molecular backbone-type of adsorbed additives was 

selected. These include salicylic, 3-hydroxybenzoic, 4-hydroxybenzoic, 3,4-

dihydroxybenzoic and 2,3,4-trihydroxybenzoic acids. At low concentrations, all acids 

performed well as a steric agent. At high concentrations of salicylic acid, precipitate 

bridging was found to be responsible for 2.5-folds increase in the maximum yield stress. 

Precipitate bridging is a new phenomenon that is not well known in suspension 

rheology. This work extends the knowledge of precipitate bridging interaction in 

surface force studies. With 4-hydroxybenzoic acid, the 1.2-folds increase in the 

maximum yield stress occurring at high pH was due to particle bridging as both the       

–OH and –COOH groups are charged at this pH region. The location of these two 

groups on the benzene ring is ideal for particle bridging. Meanwhile, 3,4-

dihydroxybenzoic and 2,3,4-trihydroxybenzoic acids displayed behaviour very typical 

of very hydrophilic anionic additives. It shifts the zeta potential-pH and yield stress-pH 

curves to a lower pH and the extent of the shift increases with additive concentration. 

According to the molecular modelling, intramolecular hydrogen bond was found to 

form between the adjacent –OH groups. 3,4-dihydroxybenzoic has one while 2,3,4-

trihydroxybenzoic acid has two such bonds. The high pKa value of the phenolic –OH 

groups in particular the one located directly opposite the –COOH group in C4 position 

rendered these compounds incapable of producing strong bridging interactions between 

particles. 
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Then, a more extensive rigid, planar compound was selected. Graphene oxide (GO) is a 

micron-sized, oxidized graphite material containing continuous sheets of interlinking 

benzene rings with components of oxygenated functional groups. The alumina 

suspensions were prepared from different shape and size of alumina particles. It was 

found that micron-sized GO additive increased the yield stress of micron-sized platelet 

alumina suspensions very significantly, by as much as 6-folds for the maximum yield 

stress. This was attributed to strong GO-mediated bridging interactions between the 

platelet particles. This type of bridging interactions was much less effective with 

submicron-sized, spherical and irregular shape alumina suspensions. The maximum 

yield stress increased very slightly for the spherical alumina suspensions but decreased 

slightly for the irregular suspensions. Adsorption of GO was reflected by the shift of the 

pH of zero zeta potential to a lower pH. The GO concentration is sufficient to reinforce 

each platelet particle-particle bond. The GO-platelet particles interaction configuration 

was better directed toward increasing the network strength. This was however not true 

with submicron-sized particles as the particle concentration decreases sharply with the 

inverse of the particle diameter to power of 3. Moreover, a GO sheet can adsorbed 

several submicron-sized particles and this does not produce the correct interaction 

configuration that will greatly strengthen the network structure. 

 

Finally, a method to characterize flocculated-dispersed state transition of dilute 

suspension was developed. In dilute suspension where only the DLVO forces are 

present, the van der Waals force is responsible for the particles interaction in flocculated 

state and close to transition state. Critical zeta potential measured at the point of 

flocculated-dispersed state transition was based on the differences in sedimenting 

properties between the flocculated and dispersed states. Results showed that the critical 

zeta potential was higher than that of obtained via the yield stress-square of zeta 
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potential technique. However, the critical zeta potential ratio (between oxides) was 

found to be in good agreement with that of literature values.  

 

In summary, the role of molecular attributes in regulating surface forces and the 

manipulation of surface force in determining the flocculated-dispersed state transition 

provide an insight into the fundamental surface forces interaction in dispersions; in 

many engineering applications and industrial processes.  
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1.0 INTRODUCTION 

 

Surface forces govern the behaviour of suspension in flow, mixing, sedimentation, 

consolidation, filtration and flotation. Colloidal processing in the form of a suspension 

is very common and found in many industries, such as ceramic fabrication, cosmetic, 

food, minerals, nanomaterials, paint and pigments, pharmaceutical, semiconductor, sol-

gel and wastewater treatment [1-7]. The ability to control these surface or interparticle 

forces precisely and efficiently is therefore highly desirable in terms of process 

optimization and efficiency. 

 

There are two general categories of surface forces. The first category of surface forces is 

associated with the presence of adsorbed additives. It is known as the non-Derjaguin-

Landau-Verwey-Overbeek forces (non-DLVO forces). These include bridging [7-11], 

depletion [12, 13], steric [1, 8, 14-16],  patch charge [17, 18] and hydrophobic [19-23]. 

The second category includes surface forces that are present at all times even when no 

adsorbed additive is present. It is known as the DLVO forces. These include the van der 

Waals attractive force and the electrostatic repulsive force.  

 

Understanding of these forces has led to the ability to selectively control the nature and 

strength of the surface forces in correlation with the key factors and thus created a 

mechanism for controlling the behaviour of suspension. For example, minerals can be 

fully dispersed in suspension by promoting a net repulsive interparticle force. While 

such behaviour is useful when comminuting or liberating the minerals from their ores 

via an aqueous processing route, aggregated or flocculated condition is instead favoured 

once the minerals arrived at the processing plant. This is essential for rapid clarification 

or effective filtration/dewatering. The large interparticle floc mineral structure can be 
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produced by promoting a net attractive interparticle force. Addition of selected adsorbed 

additive can promote the different nature of interparticle forces. And, the importance to 

gain the ability to design functional compounds that are perfect steric stabilisers and 

bridging agents, and that attach onto nanoparticles with the correct conformation 

structure to act as sensors, requires knowledge of all intra- and inter-molecular 

interactions and their strength, and how these interactions affect the conformation 

structure of the adsorbed additives. 

 

1.1 Introduction on the Relationship between Molecular Attribute of Adsorbed 

Additive and Surface Force  

 

Adsorption can occur between additive and readily available dispersing or flocculating 

particles. One way for the additive adsorption to be achieved is via electrostatic 

attraction between charged functional group of the additive and oppositely charged 

particle surface. Generally, surface forces drive the conformational structure of the 

adsorbed additive and determine the architecture of the molecular structure formed, 

drive molecular recognition and interactions in colloidal systems and processes and 

impart specific interaction to functionalize the surfaces of particles, including 

nanoparticles [24].  

 

Table 1.1 shows a list of common additives and their uses in processing industries. [25, 

p.290]. These additives are macromolecules. They form very complex conformational 

structures [26], and display multiple and complex inter- and intra-molecular interactions 

between functional groups. One example is polyacrylic acid (PAA) [9, 27, 28]. PAA 

forms steric repulsive force at low molecular weight and bridging attractive force at 

high molecular weight [28]. The study of surface forces investigating the effect of PAA 
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molecular attribute is complicated since it is difficult to ensure definite number of 

polymer segments per molecule that are adsorbed on each surface and those take part in 

the actual interaction (i.e.: repulsive or attractive). Also, due to its very high molecular 

weight, adsorption of polymer often reaches saturation at a very low concentration of a 

few parts per millions in solution [25]. This will then provide some limitations on 

identifying the nature and strength of surface forces exhibit at different surface 

coverage. In addition, adsorption of polymer or macromolecules can be relatively strong 

that the adsorption process is irreversible [29, p. 137]. If the parameter of the study 

changes dramatically, irreversible adsorption process will then result in imprecise 

experimental data.  

  

Table 1.1: Some common additives and their uses (according to Israelachvili [25]). 

Additives Uses 

Polytetrafluoroethylene ‘Teflon’, inert, non-wetting, low adhesion-

low friction surfaces, lubricants 

Polymethylmethacrylate Transparent windows, ‘perspex’ 

Polydimethylsiloxane Silicon oil, lubricants 

Polyethylene oxide Detergents, cosmetics 

Polyacrylamide Plastics, textiles, diapers 

Polyvinyl alcohol Fibres, adhesives, textiles  

Polyvinyl chloride Plastic sheet, insulation, pipes 

Polyethylene Coatings, containers, films 

Polystyrene Packaging, housewares 

Polybutadiene Latex paints, rubbers, tyres 

Polypropylene Carpets, bottles, wrap films 
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From the viewpoint of fundamental study, macromolecules-type adsorbed additive is 

not an ideal model system to study the relationship between molecular attribute and 

surface forces. Small additives with well-defined conformational structures should be 

used instead. There have been preliminary studies involving small, polar adsorbed 

additive molecules which will be outlined in the following paragraphs [10, 15, 16, 24, 

30-37]. These studies revealed some very useful knowledge on the relationship between 

the molecular attributes of backbone rigidity, molecular chain length, spatial positioning 

of dicarboxylic acid groups and intramolecular hydrogen bonding; and the type and 

strength of the surface forces, i.e. bridging and steric, operating in suspensions.  

 

Leong [24] reported that cis,cis- and trans,trans- muconic acids formed very strong 

particle bridging bond due to their rigid backbone structure and ideal spatial positioning 

of dicarboxylic acid groups. The alternating C=C bonds (with two double bonds) in the 

isomeric muconic acid structure is the attribute towards the longer and rigid backbone. 

However, not all cis-trans isomer has the ability for particle bridging. This is because 

the general cis-isomer (with only one double bond) has the adjacent dicarboxylic acid 

groups located at the same side of the molecule and hence unfeasible for directed 

bridging. Unlike cis-isomer, trans-isomer has the dicarboxylic acid groups located in an 

ideal position allowing for better reach of nearby particles. Such example is the cis- and 

trans- 1,2-ethylene dicarboxylic acids in which the former formed steric interaction 

while the latter formed particle bridging [30].  

 

Molecule with longer chain length has higher degree of bridging since it can reach out 

the nearest particle more easily. This is why adsorbed bolaform surfactants, 

[HOOC(CH2)nCOOH], with chain length n ≥ 7 increased the maximum yield stress of 

suspension by as much as 10-folds [10]. In the event where the chain length is the same, 
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such as between cis,cis-muconic acid and trans-1,2-ethylene dicarboxylic, the former 

have greater bridging capability because it possess a greater lateral reach. Both 

molecules have the same chain length of 7.5 Å [24].  

 

Chandramalar et al. [31] described the importance of spatial positioning of functional 

groups in adsorbed additive molecular structure. They reported that cis-1,2,3,4,5,6-

cyclohexanehexacarboxylic acid formed a steric interaction because all the functional 

groups were positioned at one side of the ring. Therefore, the acid is not feasible to 

bridge nearby interacting particles despite more than one functional group attached onto 

the molecular structure.   

 

Hidber et al. [32] demonstrated that citric acid molecule was able to adsorb onto 

alumina particle surface and created a steric layer. They found that interaction between 

the particles was strongly influenced by the adsorbed citric acid molecules leading to an 

inhabitation of complete mutual approach of interacting particles. An attribute of an 

intra-molecular hydrogen bonding is realized when several studies reported that intra-

molecular hydrogen bonding is consistently found in effective steric agents [16, 33]. 

Likewise, within the citric acid molecular, intra-molecular hydrogen bond is formed 

between its hydroxyl group and one of the three carboxylic acid groups. The steric 

effectiveness of the adsorbed citric acid molecule is profound when it consistently 

reduced the maximum yield stress of oxide suspensions at the point of zero charge by as 

much as 70% irrespective of the oxide dispersions used [15, 16, 34].  

 

Better explanation on the effect molecular attribute towards bridging forces in 

suspensions can also be achieved when small, well-defined structure adsorbed additive 

is used. Conversely, in the event where very low molecular weight polymer or 
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macromolecular is used, the whole adsorbed macromolecule may lie flat on a particle 

surface [7, 38]. Flat conformation of macromolecule was also reported when a direct 

measurement technique, such as chemical force microscopy [39] and surface force 

apparatus [40], were employed. Gregory and Barany [41] described the adsorption and 

flocculation of polymers and polymer mixtures, and have defined this “flat” 

configuration as re-conformation of adsorbed polymer chain which uncoils until the 

final adsorbed layer thickness is much less than the original coil size. 

 

 Of late, another type of surface force was found to increase the maximum yield stress 

of oxide suspensions. Teh et al. [35] reported that adsorbed terephthalic acid increased 

maximum yield stress of alumina suspension by 7-folds at low pH. This was attributed 

to a relatively new phenomenon in suspension processing, known as precipitate 

bridging, occurred at conditions of low pH and relatively high additive concentration 

[24, 35, 36]. Surface force such as precipitate bridging or phase separate capillary 

bridging can be reflected by a large increase in the maximum yield stress [36, 37]. The 

formation and adsorption of metal ions hydrolysis products such as Cu(II) at moderate 

pH  in silica dispersions also give rise to precipitate bridging [36]. The mechanism of 

this surface force is still not well understood and only very few studies reported such 

forces and thus this requires further research. 

 

To study the relationship between molecular attribute and surface force, conformational 

structures of the adsorbed additives were determined using the CambridgeSoft 

ChemOffice software subject to MM2 molecular modelling energy minimization 

condition [16, 24, 33]. These are therefore stable conformational structures. The use of 

molecular modelling is not new, in fact it is a well-established computational technique 

applied in areas of science, for example in protein engineering, drug design, 
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spectroscopy and the study of membranes and (mixtures of) liquids [42]. Wensink and 

Hoffmann [42] investigated the effect of adsorbed moisture on interparticle forces by 

using molecular modelling and the result obtained was confirmed with experimental 

result of Fisher and Israelachvili [43]. Shinto [44] presented the most recent overview 

on computer simulations for wetting and capillary forces as well as particle-stabilized 

emulsions. He concluded that simulation studies have become increasingly important 

and play a crucial role in giving better understanding on fundamental guidelines for 

highly precise and efficient manufacturing processes of industrial products.  

 

Gundertofte et al. [45] have shown that MM2 molecular modelling is very accurate in 

predicting the most stable conformational structure of small organic compounds. The 

use of this conformational structure to correlate with the surface force should be 

conducted in the pH regime where these additives are still soluble. Therefore, 

conformational structure obtained from molecular modelling is a promising tool and 

also a new approach, along with spectroscopy analysis such as atomic force microscopy 

(AFM), total internal reflection microscopy (TIRM), fourier transform infrared 

spectroscopy (FTIR); that provide better understanding on surface forces in dispersions.    

 

Although there is a wealth of literature dedicated to studying and revealing the effect of 

various adsorbed additive in suspensions, the relationship between adsorbed additive’s 

molecular properties and surface forces is still unclear as it falls within a very broad 

area of research since molecular properties are so varied and complex. A method of 

attacking this problem is to evaluate as many additives as possible as with a wide-

ranging structure. Therefore, it is the general aim of this thesis to systematically 

investigate the correlation between molecular properties and surface forces, by using a 

series of specially selected, well-defined structure adsorbed additives. Consequently, 
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contribution towards surface forces knowledge can be achieved; for example, precise 

control of these forces in colloidal systems can be conducted. 

 

1.2 Introduction on the Characterization of the Flocculated-Dispersed State 

Transition 

 

During the investigation of the relationship between conformational structures and 

surface forces of adsorbed additives in Section 1.1, there are two types of 

characterization method employed. These are the zeta potential and the yield stress. Zeta 

potential is the electric potential in the electrostatic double layer region at the interface 

between a particle which moves in an electric field and the surrounding liquid. Its 

magnitude is considered as a measurement of the particle repulsion [46, p.55]. Zeta 

potential is a good parameter to indicate the stability of dispersions and has been widely 

used to characterize the stability behaviour of colloidal dispersions, for example studies 

by Leong [47], Morris et al. [48], Gustafsson et al. [49], Hunter [50] and Gomez-Merino 

et al. [51] .  

 

During the zeta potential measurement, a high magnitude indicates a highly stable 

dispersion. In this case, the dispersion will resist aggregation due to high net potential of 

repulsive forces. This will result in a low yield stress measurement since the strength of 

interparticle links is low. On the other hand, a low magnitude indicates that the 

attraction forces exceed the repulsive forces (or weak repulsive forces). The stable 

dispersion will break and flocculate. Consequently, high yield stress measurement will 

be determined. 
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In the flocculated state, separation distance between particles is the smallest. It is 

assumed constant throughout the flocculated regime. So, the van der Waals attractive 

force is at maximum strength. At the point of transition from flocculated to dispersed 

state, the attractive force is equal to the double layer repulsive force [4, 52]. Essentially, 

the yield stress measurement at the flocculated-dispersed state transition is zero. The 

zeta potential measured at the flocculated-dispersed state transition is known as the 

critical zeta potential. So, the strength of the van der Waals attractive force is at the 

maximum at the critical zeta potential. This means that a high critical zeta potential is a 

reflection of a very strong van der Waals attractive force.  

 

In previous studies, yield stress-DLVO model was used to determine the critical zeta 

potential in concentrated dispersions [4, 52]. This model requires both zeta potential and 

yield stress measurements to be determined experimentally. The sample tested must 

also be in a concentrated form. When this model is obeyed, the yield stress decreases 

linearly with the square of zeta potential. At zero yield stress, the intercept at the square 

of zeta potential-axis will give the square of critical zeta potential magnitude.   

 

The measured critical zeta potential will characterize the Hamaker constant, a parameter 

in the van der Waals equation. However, there is still lack of consistencies in the value 

of any material in water reported in the literatures [4, 48, 52, 53]. It is because Hamaker 

constant is very difficult to quantify precisely and cannot be directly measured in a 

laboratory [4]. Lifshitz theory of molecular attraction between macroscopic bodies was 

used to calculate the Hamaker constant [54, 55]. The theory treats the interaction 

between bodies as an effect of the fluctuating electromagnetic field. The calculation 

however requires that the dielectric or optical (refractive index) properties of the 

material be known at all wavelengths or frequencies. These full spectra data are difficult 
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to obtain for most materials. As a result, a number of approximate models were 

developed [56-58] using limited frequency refractive index or dielectric data. As full 

spectra optical reflectivity data from vacuum ultraviolet and optical spectroscopy 

became available, some of the Hamaker constants were in good agreement with that 

obtained by other techniques but some differed by as much as a factor of seven [53]. 

 

DLVO interaction equation that fitted the force separation data obtained from surface 

force apparatus (SFA) [59] and atomic force microscope (AFM) [60] can also be used to 

determine the Hamaker constant. The Hamaker constant obtained with these techniques 

will have contributions from all three dipole interaction components. However, an 

assumed or a measured surface potential for the interacting surfaces and particles are 

required. With SFA, the type of material that can be characterized is limited mainly to 

mica and sapphire. Furthermore, the data obtained from these techniques are very 

sensitive to impurities. The water used has to be very pure and extreme care is needed to 

avoid contamination of material surfaces.      

 

In summary, quantifying Hamaker constant using Lifshitz theory requires complex and 

expensive laboratory equipment such as vacuum ultraviolet and optical 

spectrophotometer in order to determine full spectra optical reflectivity data [53]. Fast 

and facile characterization of a flocculated-dispersed state transition can contribute to 

narrow down the knowledge gap. A proposal on a new technique in characterizing the 

flocculated-dispersed state transition by exploiting the difference in sedimentation 

properties between flocculated and dispersed of dilute slurries is suitable for this 

purpose. Advantages of the proposed technique are to produce faster comparable 

Hamaker constant data between materials, by using less amount of sample (i.e. dilute 

dispersions) and less complicated lab equipment.  
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1.3 Aims of This Work 

 

The work in this thesis described two main focuses of surface forces study. The first 

focus comprised the major section of this thesis, exploring the effect of additive 

structure towards the formation of surface forces in dispersions. A series of experiments 

were carried out using a range of specified adsorbed additives. The specific point of 

interaction of adsorbed additive molecule involved either in an adsorption mechanism 

with a particle surface and/or nearby interacting adsorbed additive which adsorbed onto 

another particle surface was also evaluated. Several research chapters were produced 

with each of the chapter has its own specific research objective (Chapter 4, 5, 6, 7 and 

8).  

 

Then, the thesis continues with the second focus comprised the minor section of this 

thesis. Here, an effort was made towards an extension of knowledge on surface      

force-critical zeta potential by establishing a new technique in characterizing the 

flocculated-disperse state transition of dilute dispersions. This work contributed to the 

final research chapter (Chapter 9). 

 

 1.3.1 Conformational structure-surface force correlation of pure enantiomeric and 

racemate malic acids in -Al2O3 dispersions as effective steric agents 

D-, L- and racemate malic acids were added into alumina dispersions in order to 

investigate the correlation between the steric force and the specific molecular attribute. 

The rheological behaviour prior to the adsorption of malic acid was compared with that 

of citric acid. This work is described in Chapter 4.   
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1.3.2 Conformational structure-surface force correlation of 

ethylenediaminetetraacetic (EDTA), nitrilotriacetic (NTA) and (S,S)-

ethylenediamine-N,N’-disuccinic (EDDS)  acids in -Al2O3 dispersions  

In this continuation work, a series of structurally-related branched compounds were 

selected; EDTA, NTA and EDDS. The relationship between the molecular structure 

effect and the surface force arising from these three additives was evaluated. These 

additives are all soluble at moderate pH but become insoluble at low pH. In each 

molecule, a number of carboxylic acid groups are present and thus able to engage in 

intra- and inter-molecular hydrogen bondings. This work is described in Chapter 5.     

 

1.3.3 Conformational structure-surface force correlation of 

diethylenetriaminepentacetic acid (DTPA) and metal ion chelates of DTPA and 

EDTA 

The present work employed the counterpart of EDTA and NTA but with higher degree 

of branching and molecular backbone. The conformational structure-surface force 

correlation of diethylenetriaminepentacetic acid (DTPA) was evaluated. The molecular 

architecture and rigidity of DTPA and EDTA was changed by chelating with specific 

cations such as Zn(II), Cu(II) and Fe(III). The effects of DTPA and metal ion chelates 

of DTPA and EDTA on the surface forces in suspensions were evaluated. This work is 

described in Chapter 6. 

  

1.3.4 Conformational structure-surface force correlation of benzoic acid compounds 

in -Al2O3 dispersions: Additional attractive forces of particle bridging and 

precipitate bridging 

In this work, the effects of small, rigid and planar backbone benzoic acids compounds 

on alumina dispersions were investigated. These were salicylic acid, 3-hydroxybenzoic 
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acid, 4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, and 2,3,4-trihydroxybenzoic 

acid. The formation of additional attractive forces of particle bridging and precipitate 

bridging was investigated. This work is described in Chapter 7.  

 

1.3.5 Surface force arising from adsorbed graphene oxide in alumina suspensions 

with different shape and size 

Graphene oxide (GO) regarded as additive was employed in this work. The effect of 

micron-sized GO on micron-sized flat alumina particles and submicron-sized irregular 

and spherical alumina particles, was investigated. This work is described in Chapter 8. 

 

1.3.6 Characterization of the flocculated-dispersed state transition with dilute oxide 

dispersions via the critical zeta potential 

In this final work, a fast and facile method to characterize flocculated-dispersed state 

transition of dispersions was evaluated. At the transition state, the strength of the 

repulsive interaction is equal to the strength of the maximum van der Waals force 

observed at the point of zero charge. The strength of this van der Waals force is not 

changed in the flocculated state regime as the separation distance is constant and the 

smallest. Zeta potential measured at the transition state is known as critical zeta 

potential. The significance of this critical zeta potential value is that it can be used to 

determine the Hamaker constant of particulate materials in water. In Chapter 9, the 

values of the critical zeta potential for a range of oxide suspensions were determined 

and presented.   
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1.4 Structure of Thesis 

 

This thesis is, in accordance with postgraduate and research regulation of the University 

of Western Australia, presented as a series of journal papers that resulted from the 

study.  

 

The ten chapters of the thesis consist of introductory account of the research (Chapter 

1), literature review (Chapter 2) and general material used, methods conducted and key 

experimental parameters (Chapter 3). These then the followed by six chapters which 

contain; five expanded versions of published journal papers (Chapter 4, 5, 6, 7 and 8) 

and one research chapter (Chapter 9). Each of these chapters contains abridged 

introduction and materials and methods sections as these have been described in detail 

in Chapter 2 and 3. General conclusion and recommendations for future work (Chapter 

10) in the last chapter closes the thesis.  

 

Except for Chapter 10, the remaining of the chapters is prepared such that each chapter 

has its own introduction and references. Therefore, the content of the thesis is logically 

presented as a continuous, elaboration work or as an individual chapter.   

 

 

 

 

 

 

 

 



Chapter 1  15 

 

1.5 References 

 

[1] S. Biggs, P.J. Scales, Y.K. Leong, T.W. Healy, The effects of citrate adsorption on 

the interactions between zirconia surfaces, J. Chem. Soc., Faraday Trans., 91 (1995) 

2921-2928. 

[2] C. Lourenco, M. Teixeira, S. Simoes, R. Gaspar, Steric stabilisation of 

nanoparticles: Size and surface properties, Int. J. Pharm., 138 (1996) 1-12. 

[3] Y. Aoki, Rheological charaterization of carbon clack/varnish suspensions, Colloids 

and Surfaces A: Physicochem. Eng. Aspects, 308 (2007) 79-86. 

[4] Y.K. Leong, B.C. Ong, Critical zeta potential and the hamaker constant of oxides in 

water, Powder Technol., 134 (2003) 249-254. 

[5] G.V. Franks, Y. Gan, Charging behavior at the alumina-water interface and 

implications for ceramic processing, J. Am. Ceram. Soc., 90 (2007) 3373-3388. 

[6] E. Burdukova, N. Ishida, H. Li, J.-P. O'Shea, G.V. Franks, Temperature controlled 

surface hydrophobicity and interaction forces induced by poly (N-Isopropylacrylamide), 

J. Colloid and Interface Sci., 342 (2010) 586-592. 

[7] B.C. Ong, Y.K. Leong, S.B. Chen, Interparticle forces in spherical monodispersed 

silica dispersions: Effects of branched polyethylenimine and molecular weight, J. 

Colloid and Interface Sci., 337 (2009) 24-31. 

[8] S. Biggs, Steric and bridging forces between surfaces bearing adsorbed polymer: An 

atomic force microscopy study, Langmuir, 11 (1995) 156-162. 

[9] Y.K. Leong, P.J. Scales, T.W. Healy, D.V. Boger, Interparticle forces arising from 

adsorbed polyelectrolytes in colloidal suspensions, Colloids and Surfaces A: 

Physicochem. Eng. Aspects, 95 (1995) 43-52. 

[10] Y.K. Leong, Inter-particle forces arising from adsorbed bolaform surfactants in 

colloidal suspensions, J. Chem. Soc., Faraday Trans., 93 (1997) 105-109. 



Chapter 1  16 

 

[11] J. Swenson, M.V. Smalley, H.L.M. Hatharasinghe, Mechanism and strength of 

polymer bridging flocculation, Physical Rev. Letts., 81 (1998) 5480-5483. 

[12] X. Ye, T. Narayanan, P. Tong, J.S. Huang, M.Y. Lin, B.L. Carvalho, L.J. Fetters, 

Depletion interactions in colloid-polymer mixtures, Physical Rev E, 54 (1996) 6500-

6510. 

[13] Y.K. Leong, Depletion interaction in colloidal suspensions: A comparison between 

theory and experiment, Colloids and Surfaces A: Physicochem. Eng. Aspects, 118 

(1996) 107-114. 

[14] Y.K. Leong, P.J. Scales, T.W. Healy, D.V. Boger, R. Buscall, Rheological 

Evidence of Adsorbate-Mediated Short-Range Steric Forces in Concentrated 

Dispersions, J. Chem. Soc., Faraday Trans., 89 (1993) 2473-2478. 

[15] Y.K. Leong, P.J. Scales, T.W. Healy, D.V. Boger, R. Buscall, Rheological 

evidence of adsorbate-mediated short-range steric forces in concentrated dispersions, J. 

Chem. Soc., Faraday Trans., 89 (1993) 2473–2478. 

[16] Y.K. Leong, Role of molecular architecture of citric and related polyacids on the 

yield stress of -alumina slurries: Inter- and intramolecular forces, J. Am. Ceram. Soc., 

93 (2010) 2598-2605. 

[17] Y.K. Leong, Interparticle forces arising from an adsorbed strong polyelectrolyte in 

colloidal dispersions: Charged patch attraction, Colloid Polym. Sci., 277 (1999) 299-

305. 

[18] I. Popa, G. Papastavrouz, M. Borkovec, Charge regulation effects on electrostatic 

patch-charge attraction induced by adsorbed dendrimers, Phys. Chem. Chem. Phys., 12 

(2010) 4863-4871. 

[19] T.D. Blake, J.A. Kitchener, Stability of aqueous films on hydrohobic methylated 

silica, J. Chem. Soc., Faraday Trans. 1, 68 (1972) 1435-1442. 



Chapter 1  17 

 

[20] J.N. Israelachvili, R.M. Pashley, Measurement of the hydrophobic interaction 

between two hydrophobic surfaces in aqueous electrolyte solutions, J. Colloid and 

Interface Sci., 98 (1984) 500-514. 

[21] R.H. Yoon, S.A. Ravishankar, Long-range hydrophobic forces between mica 

surfaces in dodecylammonium chloride solutions in the presence of dodecanol, J. 

Colloid and Interface Sci., 179 (1996) 391-402. 

[22] R.M. Pashley, Effect of degassing on the formation and stability of surfactant-free 

emulsions and fine teflon dispersions, J. Phys. Chem. B, 107 (2003) 1714-1720. 

[23] H. Stevens, R.F. Considine, C.J. Drummond, R.A. Hayes, P. Attard, Effects of 

degassing on the long-range attractive force between hydrophobic surfaces in water, 

Langmuir, 21 (2005) 6399-6405. 

[24] Y.K. Leong, Particle bridging in dispersions by small charged molecules: Chain 

length and rigidity, architecture and functional groups spatial position, Phys. Chem. 

Chem. Phys., 9 (2007) 5608-5618. 

[25] J. Israelachvili, Intermolecular and Surface Forces 2nd ed., Academic Press 

Limited, 1992. 

[26] Z. Pan, A. Campbell, P. Somasundaran, Polyacrylic acid adsorption and 

conformation in concentrated alumina suspensions, Colloids and Surfaces A: 

Physicochem. Eng. Aspects, 191 (2001) 71-78. 

[27] J. Cesarano III, I. Aksay, A. Bleier, Stability of aqueous -Al2O3 suspensions with 

poly(methacrylic acid) polyelectrolyte, J. Am. Ceram. Soc. , 71 (1988) 250-255. 

[28] K.K. Das, P. Somasundaran, Flocculation-dispersion characteristics of alumina 

using a wide molecular weight range of polyacrylic acids, Colloids and Surfaces A: 

Physicochem. Eng. Aspects, 223 (2003) 17-25. 

[29] J. Gregory, Particles in water: properties and processes, CRC Press, Boca Raton, 

2006. 



Chapter 1  18 

 

[30] Y.K. Leong, Molecular configuration of adsorbed cis- and trans- 1,2-ethylene 

dicarboxylic acids and interparticle forces in colloidal dispersions, Langmuir, 18 (2002) 

2448-2449. 

[31] A.V.M. Chandramalar, Y.Y. Lim, Y.K. Leong, The effects of cis-trans 

configuration of cyclohexane multi-carboxylic acids on colloidal forces in dispersions: 

Steric, hydrophobic and bridging, Colloids and Surfaces A: Physicochem. Eng. Aspects, 

160 (1999) 199-205. 

[32] P.C. Hidber, T.J. Graule, L.J. Gauckler, Citric acid - A dispersant for aqueous 

alumina suspensions, J. Am. Ceram. Soc., 79 (1996) 1857-1867. 

[33] Y.K. Leong, Functional group interactions of adsorbed small charged bolaform 

molecules and their effects on intermolecular and surface forces in dispersions, Colloids 

and Surfaces A: Physicochem. Eng. Aspects, 325 (2008) 127-131. 

[34] K.S. Khoo, E.J. Teh, Y.K. Leong, B.C. Ong, Hydrogen bonding and interparticle 

forces in platelet -Al2O3 dispersions: Yield stress and zeta potential, Langmuir, 25 

(2009) 3418-3424. 

[35] E.J. Teh, Y.K. Leong, Y. Liu, Isomerism and solubility of benzene mono- and 

dicarboxylic acid: Its effect on alumina dispersions, Langmuir, 27 (2011) 49-58. 

[36] Y.K. Leong, Yield stress and zeta potential of nanoparticulate silica dispersions 

under the influence of adsorbed hydrolysis products of metals ions - Cu(II), Al(III) and 

Th(IV), J. Colloid and Interface Sci., 292 (2005) 557-566. 

[37] E.J. Teh, Y.K. Leong, Y. Liu, V.S.J. Craig, R.B. Walsh, S.C. Howard, High yield 

stress associated with capillary attraction between alumina surfaces in the presence of 

low molecular weight dicarboxylic acids, Langmuir, 26 (2010) 3067-3076. 

[38] S.R. Wickramasinghe, Y.K. Leong, S. Mondal, J.-L. Liow, Influence of cationic 

flocculant properties on the flocculation of yeast suspensions, Adv. Powder Technol., 

21 (2010) 374-379. 



Chapter 1  19 

 

[39] S. Akari, W. Schrepp, D. Horn, Imaging of single polyethylenimine polymers 

adsorbed on negatively charged latex spheres by chemical force microscopy, Langmuir, 

12 (1996) 857-860. 

[40] P.M. Claesson, O.E.H. Paulson, E. Blomberg, N.L. Burns, Surface properties of 

poly(ethylene imine)-coated mica surfaces - salt and pH effects, Colloids and Surfaces 

A: Physicochem. Eng. Aspects, 123-124 (1997) 341. 

[41] J. Gregory, S. Barany, Adsorption and flocculation by polymers and polymer 

mixtures, Adv. Colloid Interface Sci., 169 (2011) 1-12. 

[42] E.J.W. Wensink, A.C. Hoffmann, The effect of adsorbed moisture on interparticle 

forces investigated by means of MD simulations, in:  World Congress on Particle 

Technology 3, 2000, pp. 1-8. 

[43] L.R. Fisher, J.N. Israelachvili, Direct measurement of the effect of meniscus forces 

on adhesion: A study of the applicability of macroscopic thermodynamics to 

microscopic liquid interfaces, Colloids and Surfaces, 3 (1981) 303-319. 

[44] H. Shinto, Computer simulation of wetting, capillary forces, and particle-stabilized 

emulsions: From molecular-scale to mesoscale modeling, Adv. Powder Technol., 23 

(2012) 538-547. 

[45] K. Gundertofte, J. Palm, I. Pettersson, A. Stamvik, A comparison of  molecular 

mechanics force fields, J. Comput. Chem., 12 (1991) 200-208. 

[46] H.V. Olphen, An Introduction to Clay Colloid Chemistry John Wiley & Sons Inc., 

United States, 1963. 

[47] Y.K. Leong, Exploitation of interparticle forces in the processing of colloidal 

ceramic materials, J. Mater. Design, 15 (1994) 141-147. 

[48] G.E. Morris, W.A. Skinner, P.G. Self, R.S.C. Smart, Surface chemistry and 

rheological behaviour of titania pigment suspensions, Colloids and Surfaces A: 

Physicochem. Eng. Aspects, 155 (1999) 27-41. 



Chapter 1  20 

 

[49] J. Gustafsson, P. Mikkola, M. Jokinen, J.B. Rosennholm, The influence of pH and 

NaCl on the zeta potential and rheology of anatase dispersions, Colloids and Surfaces 

A: Physicochem. Eng. Aspects, 175 (2000) 349-359. 

[50] R.J. Hunter, Measuring zeta potential in concentrated industrial slurries, Colloids 

and Surfaces A: Physicochem. Eng. Aspects, 195 (2001) 205-214. 

[51] A.I. Gomez-Merino, F.J. Rubio-Hernandez, J.F. Velazquez-Navarro, F.J. Galindo-

Rosales, P.F. Fortes-Quesada, The hamaker constant of anatase aqueous suspensions, J. 

Colloid and Interface Sci., 316 (2007) 451-456. 

[52] E.J. Teh, Y.K. Leong, Y. Liu, B.C. Ong, C.C. Berndt, S.B. Chen, Yield stress and 

zeta potential of washed and highly spherical oxide dispersions-Critical zeta potential 

and hamaker constant, Powder Technol., 198 (2010) 114-119. 

[53] H.D. Ackler, R.H. French, Y.M. Chiang, Comparisons of Hamaker constants  for 

ceramic systems with intervening vacuum or water: From force laws and physical 

properties, J. Colloid and Interface Sci., 179 (1996) 460-469. 

[54] E.M. Lifshitz, The theory of molecular attractive forces between solids, Sov. Phys. 

JETP USSR, 2 (1956) 73-83. 

[55] I.E. Dzyaloshinskii, E.M. Lifshitz, L.P. Pitaevskii, The general theory of van der 

Waals forces, Adv. Phys., 10 (1961) 165-209. 

[56] D. Tabor, R.H.S. Winterton, The direct measurement of normal and retarded van 

der Waals forces, Proceedings of the Royal Society of London. Series A, Mathematical 

and Physical Sciences, 312 (1969) 435-450. 

[57] P. Richmond, B.W. Ninham, Calculation of van der Waals forces across mica 

plates using Liftshitz theory, J. Colloid and Interface Sci., 40 (1972) 406-408. 

[58] D.B. Hough, L.R. White, The calculation of Hamaker constants from Liftshitz 

theory with applications to wetting phenomena, Adv. Colloid Interface Sci., 14 (1980) 

3-41. 



Chapter 1  21 

 

[59] J.N. Israelachvili, G.E. Adams, Measurement of forces between two mica surfaces 

in aqueous electrolyte solutions in the range 0-100 nm, J. Chem. Soc., Faraday Trans. 1, 

74 (1978) 975-1001. 

[60] I.C. Larson, C.J. Drummond, D.Y.C. Chan, F. Grieser, Direct force measurements 

between TiO2 surfaces, J. Am. Chem. Soc., 115 (1993) 11885-11890. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1  22 

 

 

 

[This page is intentionally left blank]  



Chapter 2  23 

 

2.0 LITERATURE REVIEW 

 

2.1 Introduction 

 

Since surface force is very wide and complex area of study, this chapter acts as the 

building block of knowledge towards general understanding on surface force involved 

in dispersions and the linkage between surface force and adsorbed additive. Relevant 

terms and literature reviews are included in order to engage with the fundamental 

concepts used during the evaluation of the works in the remaining chapters of this 

thesis. For a broader reference of colloid theory and colloid stability applications than is 

presented here, many colloid science textbooks [1-7] are available for reference. 

 

2.2 The Link between Colloid and Surfaces 

 

Suspension (also referred as a colloid suspension) comprises fine insoluble particles 

(where one dimension of the particle is in a range of 0.1 nm to 100 m [8]) in a 

continuous medium. Commonly, the study of colloid particle will put the focus of 

interest on the particle surface. It is because colloid particle has high surface area to 

volume ratio. As an example, the surface area of a 1 cm diameter sphere (4r
2
) is 3.14 

cm
2
, whereas the surface area of the same amount of material but in the form of 0.1 m 

diameter spheres (i.e. the size of particles in latex paint) is 314000 cm
2
 [9].    

 

2.3 The DLVO Forces 

 

Colloid processing in the form of a suspension is very common and found in many 

processing industries [10]. It is the surface and molecular forces that drive most 
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chemical processes at colloidal and molecular levels. In the most simple cases, the 

interparticle forces that control interactions of colloidal particles are  the van der Waals 

attraction [11] and the electrostatic repulsion [12] forces. 

 

2.3.1 The van der Waals attractive force  

The earliest interparticle force research was conducted by van der Waals [11]. In this 

research, van der Waals assumed the existence of molecules of finite size that attract 

each other. The attraction was found to be due to a force that existed between the two 

particles which is now commonly known as the van der Waals force. The van der Waals 

force is a monotonically attractive long range force and is known to operate between 

surfaces or particles in liquids.  

 

The van der Waals force has its origin from atomic and molecular dipole-dipole 

interactions and is comprised of three components [13]. These components are the 

Keesom orientation force, the Debye force and the London dispersion force. The 

London dispersion force has been reported to make the most important contribution to 

the total van der Waals force between atoms and molecules [13]. This force is always 

present and plays a role in a range of important phenomena such as adhesion, surface 

tension, physical adsorption, and wetting. The London dispersion force also determines 

the properties and strength of solids, liquids and gases, the flocculation of particles in 

liquids and the structures of condensed macromolecules. 

 

Hamaker [14] developed an expression to characterize the magnitude of the van der 

Waals force (FVDW) between two spherical particles of equal radii as shown in Figure 

2.1 [14]. The van der Waals force for two spherical bodies dispersed in a liquid medium 
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separated by a small distance (Do << a) was found to vary with the inverse square 

power of the surface separation between the two particles as given in Equation (2.1): 

 

 

 

 

 

 

Figure 2.1: Key dimensions used to characterise the magnitude of the van der Waals 

force between two spherical particles. 
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where ɑ is the particle radius, AH is the Hamaker constant and Do is the surface 

separation distance between the two particles. 

 

The expression developed by Hamaker [14] includes a term, known as the Hamaker 

constant, which is a material property that describes how strongly two materials interact 

[15]. The Hamaker constant is a function of both the electronic polarisability and the 

density of the material [10]. 

 

Equation (2.1) of the van der Waals interaction between particles developed by 

Hamaker is a continuum theory which uses the assumption that the dispersion medium 

is considered to have uniform properties [14]. At short distances however of up to a few 

molecular diameters, the discrete molecular nature of the dispersion medium cannot be 

ignored [16]. These short distances will differ from that expected for a continuous 

ɑ 

Do 
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dispersion medium because the molecular density of the dispersion medium 

immediately surrounding the particle is not constant. Israelachvilli [13] directly 

measured the van der Waals interaction between smooth mica surfaces separated by 

organic liquids at short distances and found the extent to which these short range 

interactions may influence the properties of the colloidal suspension such as stability 

was not entirely clear [13] and thus this requires further  research.  

 

2.3.2 The electrostatic repulsive force 

If the van der Waals attractive force is the only operating force between particles in a 

liquid, then the particles will always coagulate and settle out as a sediment layer. Thus, 

there must be a presence of a repulsive force between particles which prevents this 

flocculation. This long range force is now known as the electrostatic repulsive force.  

 

The electrostatic repulsive force is the result of charged particles in water or any liquid 

of high dielectric constant brought about by ionisation or adsorption. Due to the charge 

carried by the particles, they are surrounded by an ionic atmosphere. When two like-

charged particles approach each other, their ionic atmosphere will start to overlap 

(Figure 2.2) resulting in a repulsive force that opposes further approach [13]. As the 

ionic atmospheres surrounding the particles overlap, the local ion concentration midway 

between the particles can be estimated by summing the contributions from each particle. 

The difference in this local mid-point ion concentration and that in the bulk liquid 

results in an osmotic pressure which acts to force the particles apart. 
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Figure 2.2: The overlap in the ionic atmosphere surrounding two particles which results 

in the electrostatic repulsive force. 

 

 

Electric Double Layer (EDL) theory is used to describe the ionic environment 

surrounding charged particles and is a modified version of the “Chapman-Stern” theory 

[17-19]. According to the EDL theory, the charge on the surface of each particle 

encourages the attraction of charges (counter-ions) of opposite sign in the surrounding 

solution. These counter-ions are considered to be attached rather firmly to the particle 

and remain there more or less indefinitely in what is known as the Stern Layer. The 

overall colloid suspension is to be neutral and thus a balancing charge, which is much 

more loosely associated with the particle, is provided by the bulk of the solution. 

Because of the thermal motions of the solvent molecules and ions, this balancing charge 

is spread over a diffuse layer (also known as the Gouy Layer) which stretches out for 

some distance, of order nanometres, from the particle surface. This “double layer” is 

illustrated in Figure 2.3 [20] for a negatively charged particle. The counter-ions tend to 

congregate around the particle and very few like-charged (co-ions) can get close to the 

surface because of the repulsion from the charge on the particle. Farther away from the 
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particle the co-ions suffer less repulsion and eventually, at distances of at most a few 

tens of nanometres, the number of counter-ions and co-ions are evenly balanced. 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Schematic representation of the electric double layer for a negatively 

charged particle, where (a) shows an illustration of ions distribution (counter-ions of n+ 

and n-)  at the interface of particle surface and (b) the variation of ions distribution with 

distance from the particle surface for a symmetrical electrolyte with a bulk 

concentration (no). 
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The electrostatic repulsive force depends exponentially on the distance between the 

surface separation of two particles [7]. The magnitude of the electrostatic repulsive 

force (FEDL) under constant potential for two equal spheres (charged particles) is given 

by Equation (2.2) [21]:  
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where   is the permittivity of the dispersion medium ,   is the electrical potential 

generated by the charged surface and any strongly associated ions or molecules.   is 

defined as the inverse Debye length and is given by the relationship [21]: 
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where z is the ionic valence, no is the number concentration of ions in bulk solution, e is 

the electronic charge,  is the dielectric constant of the bulk solution, o is the 

permittivity of free space, k is the Boltzmann constant and T is the absolute temperature. 

Studies of Hogg et al. [22] and McCormack et al. [23] provide information regarding 

quantitative treatments for FEDL. From Equation (2.1) until (2.3), it is clear that FEDL of a 

colloid suspension can be manipulated by changing the suspension pH, thereby altering 

the sign and/or magnitude of the . Similarly,  can also be manipulated through the 

addition of “charged-surface-associating” additive to the suspension. Other parameters 

that can affect FEDL include the type and quantity of electrolyte and particle size. 

 

2.3.3 The DLVO theory of colloid stability  

Together, the van der Waals attractive force and the electrostatic repulsive force form 

the basis of the Derjaguin, Landau, Verwey and Overbeek (DLVO) theory developed by 
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Derjaguin et al. [12]. The DLVO theory provides a quantitative analysis regarding the 

stability of spheres immersed in solution of an electrolyte. An important physical 

property for a colloid suspension is the tendency of the particles to flocculate, and hence 

colloid stability refers to the ability of the suspension to resist this flocculation [24]. 

Colloid stability is important because it plays a role in many processing industries, such 

as agriculture, cosmetics, fertilizers, food, paints, paper coating, pharmaceutical and 

printing ink [25]. The DLVO theory defines the total potential energy of interparticle 

interaction as:    
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Derjaguin et al. [12] proved that flocculation of colloid suspension was due to the forces 

of interaction arising between particles as they approach one another. The criterion of 

stability was therefore based on a quantitative expression for the force of interaction of 

two particles as a function of the distance between them (Figure 2.4) [20].  

 

 

 

 

 

 

 

Figure 2.4: The total potential energy as a function of particle separation distance 

between particles in an aqueous electrolyte solution. 
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For charge stabilised colloidal particles, when the total potential energy function is 

plotted as a function of the distance between the surfaces of two particles in an aqueous 

electrolyte solution, the shape of the curve is the result of the linear superposition of the 

exponentially decaying repulsive term and the more steeply decaying attractive term. 

This addition leads to a maximum in the curve known as the primary maximum. 

 

The primary maximum provides the mechanism for stability of charged particles. It 

creates effective activation energy for flocculation. Particles dispersed in liquid medium 

undergo Brownian motion and as a result encounter each other frequently. The stability 

of the dispersion is determined by the interaction between these particles during 

encounters [16]. As two particles come together, they must collide with sufficient 

energy to overcome the barrier provided by the primary maximum in order for 

flocculation to occur. The reasoning behind this is that an energy barrier resulting from 

the repulsive force prevents two particles from approaching and adhering to one 

another. However, if these particles collide with sufficient energy to overcome this 

barrier, the attractive force will pull them into contact where they adhere strongly 

together.  

 

When the van der Waals force is more dominant over the electrostatic force, this results 

in a strong adhesion between particles. As a result, the particles will flocculate and form 

a very open three dimensional network structure that occupies the whole volume of the 

suspension [25]. The majority of the particles in the network will have only two 

neighbouring particles. At the junctions in the network however the particles may have 

three or four neighbouring particles. On the other hand, if the electrostatic repulsive 

force is more dominant, the suspension will remain dispersed. The particles will not 

clump together to form the three dimensional network.  
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2.4 The Non-DLVO Forces 

 

The DLVO theory successfully explains the long-range interaction forces observed in 

colloid suspensions in terms of the electrostatic and van der Waals forces. In more 

complex systems, deviation from the DLVO theory was found. This discrepancy is 

attributed to the existence of a number of other forces that influence the interaction of 

particles, rather than to a breakdown in the validity of the two fundamental forces of the 

DLVO theory [7]. These forces include patch charge [26, 27], solvation [7], steric [28-

30] and bridging [31-35]. From a practical perspective, the magnitude and nature of 

these interparticle forces can be controlled by manipulation of a range of experimental 

parameters, one of which is the addition of additive. These forces can be monotonically 

repulsive, monotonically attractive, or even oscillatory in some cases. These forces can 

also be much stronger than either one of the two fundamental DLVO forces at small 

separations. 

 

2.4.1 Patch charge interaction 

The earliest patch charge (or charged patch) attraction was proposed by Gregory [36]. 

Gregory provided a qualitative analysis of an attraction between a positive patch 

containing adsorbed cationic polyelectrolyte and a bare negative patch of a second 

particle in colloidal dispersion. At rest, the interacting particles must be at the state of 

minimum free energy or maximum attractive energy. So, the negative and positive 

patches must be in a perfect alignment and thus resulted in the flocculation of the 

dispersion.    

 

On a molecular level, a charged patch is likely to consist of just one adsorbed molecule 

[37]. For example in Figure 2.5 [37], a negatively charged patch is formed when the 
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charge of an adsorbed anionic polyelectrolyte exceeds the underlying positive surface 

charge in an area occupied by the polyelectrolyte. At the closest distance of interaction, 

the negative patch of the polyelectrolyte will face the bare positive surface of a second 

particle.  

 

 

 

 

 

 

 

 

Figure 2.5: Schematic representation of patch charge attraction between two particles. 

 

 

Miklavic et al. [38] modelling showed that the strength of the charged patch attraction is 

only of the same order of magnitude as the van der Waals attraction force. Leong [37] 

explained this case by using rheological yield stress data. The strength of the charged 

patch attraction was found to be dependent upon the ionic strength of the suspension 

and the degree of surface coverage. Increasing ionic strength was found to reduce the 

attraction because high ionic strength shields the charges on the patch thereby 

diminishing the attraction. Meanwhile, the fraction of the bare surface will be greatly 

diminished at high surface coverage. At monolayer coverage, charged patch interaction 

is essentially non-existent. Other parameters that can affect the strength of the charged 

patch attraction include the shape and size, the potential and the alignment of the 

patches [38].   
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2.4.2 Solvation interaction  

Surface force measurements between mica sheets in liquid treated with additives gave 

rise to some interesting short range attractive and repulsive interactions which are now 

known as solvation forces [7]. At the molecular level, these solvation forces arise from 

the structuring or ordering of liquid molecules. If the solvent medium is water, these 

solvation forces are referred to as hydration forces. The short range monotonic 

component is either the attractive hydrophobic force or the repulsive hydrophilic force 

[7]. The repulsive force arises between hydrophilic surfaces (surfaces that bind to water) 

and its strength depends on the hydration of the surfaces or surface groups. Between 

hydrophobic surfaces however, the force is attractive with its strength depending on the 

hydrophobicity of the surfaces or surface groups. The hydrophobic attraction and 

hydrophilic repulsion have been measured to be much stronger than the van der Waals 

force, and of much greater range operating at up to 80 nm [7]. Liang et al. [39] 

summarised the physical and chemical characteristics of molecules that influence 

hydration forces. The physical characteristics include size, shape, rigidity and surface 

roughness of the adsorbing molecule. The chemical characteristics include wettability 

and crystal structure. In the context of rheological results presented for concentrated 

suspensions in this thesis, these forces are not important from the vicinity of 

interparticle contact [21]. Moreover, the reported range of hydrophobic attraction varies 

widely between studies, and concerns have been raised over reproducibility of 

experimental data [40].      

 

2.4.3 Steric interaction  

When any type of additive molecule, whether it is anionic, cationic or non-anionic, 

adsorbed onto particle, steric interaction always presents [28-30]. This repulsive 

interaction is very short range, of the order of 1 nm. Thus, this interaction becomes 
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important when interacting particles with the layer of adsorbed additives are in contact. 

The repulsive force increases exponential when then electronic clouds of the adsorbed 

molecules on the interacting particles overlap. Essentially at equilibrium, the adsorbed 

layer keeps the interacting particles further apart where the van der Waals attractive 

force is weaker. Good steric agent plays a very important role in industries that use 

easily agglomerated insoluble particulate chemicals. By the addition of a steric agent, it 

disperses the chemical and produces a smooth and stable dispersion such as in paints, 

cosmetic products, personal hygiene products and pharmaceuticals.  

 

Steric interactions have been observed by Klein and Luckham [41], Taunton et al. [42] 

and Costello et al. [43] using direct force measurement techniques. Napper [3], Ploehn 

and Russel [44] and Israelachvili [13] provided a quantitative analysis of steric 

interaction. When compared between two repulsive forces, the steric and the 

electrostatic double layer, the former is less sensitive to electrolyte concentration while 

the latter amplifies when the ionic strength of the medium is low. In general, steric 

interaction by small polar molecule is like a physical barrier as shown in Figure 2.6. 

Minimum distance between interacting particles is approximately the size of two 

adsorbed additive molecules. 
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Figure 2.6: Schematic representation of steric layer at complete surface coverage of 

particle. 
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In colloidal suspensions, the existence of steric interaction may be evidenced indirectly 

through the stabilizing protection afforded against coagulation, via yield stress 

measurement. The relationship between the yield stress and the interaction forces (i.e. 

DLVO), without the presence of adsorbed additive is given as [25, 45, 46]:  
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where the first term in the bracket is the van der Waals force and the second term the 

electrostatic force. C is  oD
e

 
1ln2  and  is the solid volume fraction of dispersion.  

 

In the presence of adsorbed additive, Equation (2.5) [45] becomes: 
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where  is the thickness of the steric layer and will depend upon the degree of surface 

coverage. Since the steric layer increases the minimum separation distance between 

interacting particles in the flocculated state by 2, the van der Waals attractive force 

(the first term in the equation) will be weakened. The flocculated state of suspension is 

measured as the yield stress at maximum magnitude. Consequently, the weakened van 

der Waals attractive force between particles will be observed by a significant reduction 

in maximum yield stress of particle dispersions. 

 

The effectiveness of steric interaction caused by small polar additive molecule depends 

greatly on the ability of the molecule to adsorb strongly onto the particle surface, its 

solubility properties in the suspending medium and the degree of the surface coverage. 

Strong adsorption can be achieved when both the additive and particle surface are 
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oppositely charged. This occurs when the additive is soluble in the suspending medium. 

At high surface coverage, particles which have monolayer coverage will provide 

comprehensive ‘barrier’ between interacting particles.  

 

However, the degree of steric effectiveness also depends on the thickness of the 

adsorbed layer relative to the particle size. This is because the van der Waals attractive 

force is proportional to particle size. Hence, larger particles will need thicker steric 

layers to overcome the attractive forces. This can be achieved by using a higher 

molecular weight additive. 

 

General correlation used to quantitatively assess the magnitude of steric force, Vsteric, as: 

 

n

o

steric
D

K
V                                                                                                                    (2.7) 

where K is the constant on the properties of the adsorbed polymer, Do is the distance 

between the two polymer-covered surfaces and n is the power based on the hardness of 

the steric layer. Typical values for a hard wall steric layer are n ≥ 20. A hard wall steric 

layer is obtained with adsorbed small molecules like citrate or adsorbed low molecular 

weight polyelectrolytes lying flat on the particle surface.  

 

2.4.4 Bridging interaction 

There are several types of particle bridging interactions, such as small molecules 

directed bridging, polymer bridging, precipitate bridging and bridging via inter-

molecular hydrogen bonding. Bridging interactions can increase the maximum yield 

stress of suspension by several orders of magnitude. Good bridging agent plays an 

important role in suspension industries. For example, in the long-term stability of 

particle-stabilized emulsions and foams [47]. The bridging agent also plays an 
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important role in wastewater treatment where it enhances the agglomeration of colloidal 

particles for effective separation process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Schematic representation of highly directed particle bridging by small polar 

molecule. 

 

 

Particle bridging interaction occurs when an adsorbed additive molecule bridge a bare 

surface of a nearby particle. For example, when an electrostatic attraction between a 

negatively charged carboxylic acid group and a positively charged particle surface 

(Figure 2.7), the strength or energy of the attraction is: 
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where Eel is the electrostatic energy, e is the electron charge, 
’
 is the permittivity of the 

intervening medium and L is the distance between the two charges [48].  

 

At the closest point of interaction, an adsorbed small additive can bridge the surface of a 

second particle as long as the adsorbed small additive is long enough to reach it. Leong 

[48] reported the specific surface area around the closest point of interaction for 

adsorbing molecule must be located in is: 

 

Asc = 2ɑ                                                                                                                    (2.9) 

where Asc is the spherical cap area and  is the height of the spherical cap. The height of 

the spherical cap is associated with the length of molecular backbone of the adsorbed 

molecule. This means that the spherical cap area is larger for longer molecules. Hence, 

more bridging molecules can be adsorbed within this area to amplify the strength of the 

particle-particle bonds in the flocculated particle network.  

 

Particle bridging by small additive molecules was also reported by Ducker and Pashley 

[49]. They observed an increase in clay flocculation upon the addition of propyl-1,3-

diamine hydrochloride additive. Leong [31] quantified the bridging effect of small 

bolaform dicarboxylic acid additives in terms of the extent of the increase in the 

maximum yield stress of the suspension. The extent of the increase was as much as ten 

times [31]. 

 

The effectiveness of particle bridging depends on the strength of the adsorption bond 

and the number of additive molecules participating in the bridge interaction at each 

particle-particle bond. If the amount or concentration of the adsorbed additive is not too 

high, the bare surface from a second particle will be plentiful for bridging. As a 
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consequence, the adsorption bond strength will be increased. However, if the amount or 

concentration of the adsorbed additive is too low then insufficient bridge will be formed 

between the particles. When insufficient bridge is formed, the interaction will be too 

weak to result in a flocculation. Typically, the optimum flocculation occurs at 

approximately half of the surface coverage. 

 

Leong [48] characterised molecular attributes for effective particle bridging of small 

polar additive molecules. These molecular attributes include backbone rigidity, spatial 

positioning of functional group, chain length and lateral displacement of the functional 

group. Backbone rigidity is essential to hold the additive molecule between the 

particles. This can be achieved by limiting the rotational movement of bonds within a 

small volume of space. A double bond [30, 48] or a benzene ring [50, 51] is commonly 

associated with this condition. Ideal spatial positioning of functional groups will make 

the additive molecule easier to reach out the second particle. This means that two polar 

functional groups located in the opposite direction will bridge more effectively [48, 50, 

51] than if they are located at the same side of the molecular backbone [52]. Lateral 

displacement of functional group simply refers to the greater lateral reach onto the 

second particle [48], which can also be achieved by additive molecules with longer 

chain length [31]. 

 

A new bridging mechanism of adsorbed additive which is not well understood is known 

as precipitate bridging. Precipitate bridging interaction occurs when adsorbed additive 

precipitate out under the conditions of high additive concentration and low pH. 

Commonly, additive molecule is in soluble state, i.e. charged molecule, at high 

concentration and at high pH. Upon decreasing the pH, the additive molecule loses its 

solubility, thus becomes less soluble. At this moment, the charged additive will attract 
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oppositely charged particles that are coming into contact (Figure 2.8). As a 

consequence, a strong floc is formed.     

 

 

 

 

 

 

 

Figure 2.8: Schematic representation of precipitate bridging interaction. The net charge 

of the particle and the additive is only an illustration for an oppositely charged 

interaction. 

 

 

Interestingly, this floc is formed within a pH region which is less than the particle 

isoelectric point (pI) and the particles interactions are highly repulsive. Teh et al. [51] 

quantified the strength of this precipitate bridging effect by using rheological yield 

stress data. They reported an increase in the maximum yield stress of alumina 

suspension by a factor of seven for terephthalic acid and a factor of two for isophthalic 

acid, beyond the additives solubility limit. 

 

Weak bridging interaction formed by intermolecular hydrogen bonding between 

adsorbed additives commonly occurs under the conditions of high surface coverage, low 

pH for anionic additives and the presence of free polar groups. At low pH, the majority 

of the free anionic functional groups are uncharged and are free to form weak hydrogen 

bond with the functional groups of another additive molecule adsorbed on another 
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particle. Inter-molecular hydrogen bonding interaction was found in adsorbed citrate 

[30], phosphate [53] and polyelectrolyte [32]. 

 

2.5 Low Molecular Weight Molecule of Adsorbed Additive Model  

 

The model system for works in this thesis employed a small molecule, with well-

defined structure consisting a polar carboxylic acid (–COOH) functional group attached 

to its backbone (Figure 2.9).  

 

 

 

 

 

 

Figure 2.9: Schematic representation of an additive molecule containing carboxylic acid 

functional group at the terminal backbone. The blue sphere represents the remaining of 

groups of atoms in the molecule. These groups of atoms can contain additional 

functional groups. 

 

 

In this case, the –COOH group will dissociate and form a negatively charged 

carboxylate (COO
-
) ion. The degree of the –COOH dissociation depends on the pH.  

Therefore, the resulting fraction of the negatively charged ions at various pH is denoted 

by a species predominant diagram. 

 

Backbone 
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Negatively charged adsorbed additive will adsorb on a positively charged particle 

surface. The adsorption occurs at pH below the isoelectric point (pI) of the particles. pI 

is corresponds to the pH of zero zeta potential of the particle in water, in the absence of  

adsorbed additive (Figure 2.10). At pH = pI, repulsive force or potential is absent. Thus, 

only the attractive van der Waals force contributes to the overall strength between the 

particles in 3D flocculated network [34, 54, 55]. 

 

 

 

   

 

  

 

 

 

 

 

 

 

Figure 2.10: Relationship between pH, overall net charges on particle surface and zeta 

potential measurement. 
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2.6 Adsorption Behaviour of Alumina Surface 

 

Detailed explanation summarized by Kasprzyk-Hordern [56] was referred for the work 

in this thesis, in particular the adsorption behaviour of alumina surface. Since alumina 

particles was employed as the interacting site, an overview of surface charge and pH 

parameters affecting the alumina particles is briefly described. In suspending system 

where water is the solvent, the alumina particles react and form surface hydroxyl groups 

[56]. These surface hydroxyl groups can be protonated or deprotonated depending on 

pH and lead to a surface charge established via two-stage process; surface hydration 

followed by a dissociation of the surface hydroxide. Such process [21] is described as: 
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                                                     (2.10) 

where H
+
 and OH

-
 are referred to as potential determining ions. 

 

Thus, as described in Figure 2.10, the surface charge of alumina particle is strongly 

dependent upon pH in which below pI the protonated alumina surface is charged 

positively and above pI the surface is de-protonated and charged negatively. As 

aforementioned in the third paragraph of Section 2.5, the adsorption of the charged 

carboxylate group onto alumina surface will then corresponds to a ligand-exchange 

model [57-59]: where the oxygen atom of the surface hydroxyl group can acts as a 

donor (Lewis base) and coordinate with the underlying structural Al(III) ion in the 

surface layer (Lewis acid). Thus, the specific adsorption of an organic molecule on the 

alumina surface can be described as a ligand exchange process involving a multi-step 

reaction sequence [60] where the carboxylate ions of the acids substitute the surface 

hydroxyl groups of alumina.     
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2.7 Flocculated-Dispersed State Transition  

 

In many particulate processing industries such as minerals, food, ceramic and 

nanoparticle fabrications where suspensions are often the feedstocks of the processes, 

the ability to control the suspension behaviour to suit the processes is highly desirable 

especially from the point of view of process optimization and efficiency. The 

suspension behaviour is governed by the nature of surface forces interacting between 

particles. These forces affect the suspension behaviour in flow, flotation, filtration, 

sedimentation, mixing and pumping. Therefore, it is highly desirable to be able to 

control the surface forces in play in order to have the capacity to control suspension 

behaviour effectively. In pure dispersions, there are only two long range surface forces 

interacting between the colloidal particles. These are the van der Waals attractive and 

electrostatic or (double layer) repulsive forces. The sum of these two forces forms the 

basis of the DLVO theory that explains the stability of the colloidal dispersions as 

described in Section 2.3 of this chapter.  

 

On a macroscopic scale, the van der Waals force arises between particles in most 

colloidal systems. A parameter in the van der Waals force or potential equation is a 

material property termed the Hamaker constant, A. Its magnitude reflects the strength of 

the van der Waals attractive force arising from that material.  

 

Of late, flocculated-dispersed state transition was characterized from yield stress-DLVO 

theory model in order to determine the Hamaker constant [45, 53, 61-63]. The 

characterization was conducted under a concentrated suspension condition. The DLVO 

theory model is stated earlier as in Equation (2.4). Israelachvili [13, p. 243], Leong and 

Ong [25], Ong et al. [45] and Teh et al. [63] however reported that Equation (2.4) is 
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valid limited to low surface potential, less than 25.6 mV or 51.2 mV (between two 

particles).    

 

In terms of sedimentation characteristic of particles, a flocculated state is achieved when 

all particles settled to form a soft layer. At this case, strength of the van der Waals force 

is at the maximum as the separation distance between particles is the smallest and is 

assumed unchanged throughout the flocculated regime. In the dispersed state, large 

particles remained settled but the fine particles suspended in the water. At the point of 

transition from flocculated to dispersed state, the net DLVO force in Equation (2.4) is 

zero. So, the attractive force is equal to the repulsive force [25]. The strength of the 

repulsive force may be indicated by the magnitude of the particle zeta potential and it is 

widely used to characterize the stability behaviour of colloidal dispersions [64-68]. Zeta 

potential measured at the point of transition is known as the critical zeta potential [25] 

and is described as:  
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where Do is the separation distance between particles in the flocculated state, which is  

minimum and fixed. The Equation (2.11) was derived and simplified from Equation 

(2.4). Under constant conditions, the square of critical zeta potential is proportional to 

the Hamaker constant of the oxide in water as given by: 

 

kAcritical 
2                                 (2.12) 

where k is the proportionality constant. A high critical zeta potential reflects a strong 

van der Waals attractive force or a large Hamaker constant. 
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3.0 GENERAL MATERIAL, EXPERIMENTAL METHODS AND KEY 

EXPERIMENTAL PARAMETERS 

 

3.1 Introduction 

 

Works in this thesis have employed a general material and a series of experimental 

methods as described in this chapter unless specified in the research chapter. However, 

the general material is sometimes re-described in the Material and Method section in the 

research chapter, with the purpose of making clearer comparison between the used 

materials (i.e. adsorbents) especially during the evaluation of the results.  

 

Materials used as adsorbed additive are described in the respective research chapter. 

The adsorbed additives are: pure enantiomeric and racemate malic acids (MW: 134.08 

g/mol) in Chapter 4, EDTA (MW: 292.24 g/mol), NTA (MW: 191.14 g/mol) and EDDS 

(MW: 292.24 g/mol) in Chapter 5, DTPA (MW: 393.35 g/mol) in Chapter 6, salicylic 

acid (MW: 138.12 g/mol), 3-hydroxybenzoic acid (MW: 138.12 g/mol), 4-

hydroxybenzoic acid (MW: 138.12 g/mol), 3,4-dihydroxybenzoic acid (MW: 154.12 

g/mol) and 2,3,4-trihydroxybenzoic acids (MW: 170.12 g/mol) in Chapter 7, and 

graphene oxide (unknown MW) in Chapter 8. 

 

3.2 General Material 

 

Aluminium oxide, -Al2O3 (alumina) has many industrial and commercial applications. 

It is used extensively in the manufacture catalysts, refractories, ceramic components, 

pharmaceutical products, paints and pigments and other various colloidal processes. 

Due to its wide application, alumina powder was used to form suspension medium and 
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also to provide interacting sites for added additive investigated in this thesis. It is a 

general material used in Chapter 4 until 9.  

 

The alumina powder was sourced from Sumitomo Chemical Company. The grade of 

powder used is AKP30. It has a median particle size of 0.41 m measured by using a 

Malvern Mastersizer equipment, a BET surface area of 6.4 m
2
 g

-1
, a particle density of 

3920 kgm
-3

 and an isoelectric point (pI) of pH ~9 [1]. The shape is roughly spherical, 

with some degree of size distribution as shown in the SEM image (Figure 3.1) attained 

by using a Zeiss 1555 VP-FESEM scanning electron microscope.    

 

 

 

 

 

 

 

 

 

Figure 3.2: SEM image of alumina powder used in chapter 4 until chapter 9. 

 

 

3.3 Experimental Methods 

 

Experimental methods in this work involve processes that are distinctly temperature 

dependent. It is therefore important to mention that all the investigations were carried at 

room temperature.  

200 nm 
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Experimental works involved are all repeated for reproducibility data. Since the 

research chapters are presented as a series of journal papers, detailed information such 

as experimental protocols, sample preparation and other information responsible for 

reproducibility of the study are provided in the respective research chapters. 

 

3.3.1 Adsorption experiment 

Adsorption test was employed to monitor the effect of pH on 0.4 dwb% adsorption of 

additive upon 20 wt% -Al2O3 (alumina) particles. Each additive was intentionally 

made to be completely soluble in water. This was done by pre-calculate the specific 

weight to be used much lesser than its solubility limit. Desired weight of alumina 

particles, additive and distilled water was determined using an electronic balance (AND 

GR-200, Japan). Several sets of mixtures of alumina powder, additive and distilled 

water were prepared in glass vials. Different amount (droplets) of 10 M NaOH or 6 M 

HNO3 was added in the sample set to obtain different pH conditions, from acidic to 

alkaline. All dispersions (at different pH) were sonicated using a Branson Digital 

sonifier at amplitude of 50% for about 60 seconds. pH reading of the solutions was 

recorded by using Orion 3 Star pH meter. Then, the dispersions were left for 48 hours 

prior to particles sedimentation and supernatant production. The supernatant was 

collected and syringe filtered through a 0.45 micron membrane. The filtered solutions 

were sent for total organic content (TOC) determination. From the TOC data, the 

amount of additive adsorbed was calculated from a mass balance-based depletion 

method of organic carbon left unadsorbed in the supernatant.      

 

. 
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3.3.2 Zeta potential experiment 

Zeta potential has been employed extensively in colloid particles studies [2-7]. It has 

been used to reflect the surface chemistry of particles. In the presence of adsorbed 

additives, the magnitude of zeta potential and the isoelectric point (pI) are excellent 

parameters to monitor the change of the surface chemistry of colloid particles. Since 

adsorbed additives are known to alter the surface chemistry, the importance of these 

parameters is demonstrated with extensive studies conducted by many researchers over 

the years. See for example studies by Gebhardt and Fuerstenau [8], Leong et al. [9], 

Ong et al. [10], Khoo et al. [11] and Teh et al. [12].  

 

ZetaProbe equipment was used to measure the zeta potential via the Electrokinetic 

Sonic Amplitude (ESA) response of the slurry subjected to an alternating electric field 

of fixed strength [13]. Hunter [14] described the use of ESA technique in order to 

characterize the properties of particles in a colloid suspension as in Figure 3.2. High 

frequency electric field is applied between two electrodes causing the charged particles 

to oscillate. If there is a density difference between the particles and the suspending 

medium, the motion of the charged particles will generate an alternating acoustic wave 

of the same frequency as the applied electric field which travels out of the suspension 

and down the delay rod where it is detected by a pressure transducer. The pressure 

transducer measures the dynamic mobility (E) which is described by the particles 

magnitude and phase angle, which refers to the lag experienced by the particle with 

respect to the applied field. 
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Figure 3.2: Schematic representation of Electrokinetic Sonic Amplitude in ZetaProbe. 

 

 

Quantitative analysis of surface properties of a charged particle measured using an 

electrophoresis process was established by Smoluchowski [15]. He showed that the 

electrophoretic mobility of a particle measures the velocity of the particle motion per 

unit field strength. He described that zeta potential is related to dynamic mobility by 

providing a quantitative description of the behaviour of a charged particle in an applied 

electric field (Equation 3.1).     

 

 




 OT

E
E

U
                                                                                                                    (3.1)                                                                                          

where U is the magnitude of the electrophoretic velocity, E is the strength of the applied 

electric field, T is the relative permittivity of the continuous phase of the colloid 
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dispersion, o is the permittivity of a vacuum and  is the viscosity of the continuous 

phase of the colloid dispersion.    

 

The zeta-probe use to determine the zeta potential measurement was initially developed 

to measure zeta potential of spherical particles with low surface conductance. 

Loewenberg and O’Brien [16] reported that this theory can also be applied to platelet 

shaped particles as long as these conditions are met: 

 

 “House-of-cards” structures are not formed, i.e.: a stable suspension. 

 Conductivity is not too low, i.e.:  0.01 M 1: 1 electrolyte.  

 

In this thesis, the zeta potential measurement was conducted on alumina suspensions, 

with and without adsorbed additive. Alumina powder of a known mass was added to a 

certain amount of water and 5 M NaOH to make up a 5 wt% alumina suspensions. The 

mixture was sonicated to produce homogeneous solution. The zeta potential was then 

measured using ZetaProbe (Colloidal Dynamic, USA) equipment (Figure 3.3) at 

different pH. The zeta potential measurement commenced at high pHs towards 

decreasing pH with an addition of 0.5 M HNO3 via an auto-controlled system. 
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Figure 3.3: The Colloidal Dynamics ZetaProbe unit employed for zeta-pH 

determination. 

 

 

3.3.3 Yield stress experiment 

Yield stress indirectly measures a mechanical strength of a suspension, given by the 

network structure and the net particle-particle interaction forces [17]. Formally defined 

as the minimum applied stress required to initiate flow in a particulate system, the yield 

stress has been used as an indicator of the interparticle force under a wide variety of 

suspension conditions in recent years [17].  

 

Yield stress is a sensitive parameter in characterizing a relatively low density and weak 

molecular interaction forces. On the other hand, an atomic force microscope (AFM) or a 

surface force apparatus (SFA) has been proven as a good instrument in characterizing 

relatively strong molecular interaction forces, such as hydrophobic, steric and ionic 

forces. They may also be suitable for relatively weak molecular forces provided that the 

density of these interactions is high. 
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AFM and SFA [18-20] have been used to measure the adhesion force of interactions 

between functional groups such as –OH, –COOH and –CH3, joined to the end of 

relatively large molecules [18, 19, 21, 22]. The measured adhesion force is the net effect 

of many pairs of functional groups interacting where the density of such an interaction 

is, however, unknown. When comparing the strength of interaction between different 

types of functional groups, the interaction energy per functional group pair should be 

used. However, these data are still unavailable. 

 

Kanda et al. [23] studied the forces between a mica plate and SiO2 (silica) surfaces in 

water-alcohol mixtures and found a step-like force curve appears when the alcohol 

weight fraction, walc ≥ 0.9. They suggested a presence of strong attractive force caused 

by vertical adsorption of alcohol molecules at walc ~0.9. However, they could not 

elucidate the effect of increasing alcohol MW on the attractive force since large 

variations of force data were observed. 

 

Ray et al. [24] made an attempt to measure the rapture force characterizing hydrophobic 

interactions between a pair of hexadecane segments tethered to a flexible poly(ethylene 

glycol) adsorbed onto an AFM probe and surface. The force data were, however, quite 

imprecise showing extremely large variations. It is impossible to confirm that each 

rapture force is due to the same specific hexadecane interactions.  

 

A direct correlation between yield stress data and AFM or SFA data for molecular 

forces is an interest of on-going research. In a separate case, Biggs et al. [25] using yield 

stress measurement and Leong et al. [9] using AFM force curve have reported the 

presence of steric interaction between zirconia particles with adsorbed citrate. 

Moreover, in a separate case, Ducker and Pashley [26] attributed bridging interactions 
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between clay particles and adsorbed propyl-1,3-diaminehydrochloride and then they 

elucidated a presence of an additional attractive force via surface force measurement 

between mica sheets in the presence of the same additive. 

 

According to fractal study [27], most particles in flocculated network structure are 

bonded to two other particles and, three or four other particles at the network junction 

[28]. The strength of the interparticle bonds is determined by the nature and strength of 

surface force, determined by the surface chemistry of the particles. When all structural 

parameters are held constant, an increase in the magnitude of the interparticle attraction 

will result in greater values of yield stress, and vice versa.     

 

There have been extensive research in characterizing the effects of surface forces 

ranging from intermolecular hydrogen bond, bridging, steric to hydrophobic forces 

using yield stress measurement of concentrated dispersions in recent years [11, 12, 25, 

29, 30]. It therefore provides a readily accessible and informative body of work to 

investigate. Method for the yield stress measurement was developed by Nguyen and 

Boger [31], and it is known as the vane technique (Figure 3.4). The vane technique, 

together with shear stress relaxation technique, is classified as direct technique for yield 

stress measurements [31]. Meanwhile, direct extrapolation of the rheological shear 

stress-shear rate data, extrapolation of the flow curves assuming the Bingham flow 

model and extrapolation of the flow curves assuming nonlinear plastic flow models, 

such as Herschel and Bulkley model and Casson model, may be classified as indirect 

techniques since they rely on the rheological data [31]. 
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Figure 3.4: Schematic representation of a vane technique. 

 

 

In a rate-controlled mode of operation, a four bladed-vane spindle is immersed directly 

into the slurry without causing disturbance and the vanes trap a portion of the slurry 

creating a “cylinder”. An advantage of using the vane geometry is that the wall slip 

effect, which commonly encountered using Couette or cone-and-plate technique [32], 

can be eliminated [17, 33]. The slurry that is trapped between the vanes will rotate with 

the spindle. The net effect is that a virtual cylinder of a sample material that will flow at 

defined rotational speeds from which the torque exerted on the fluid is measured by the 

deflection of the spring and recorded as a function of time. The torque-time curve 

exhibits a maximum torque value whereby at this point the slurry is considered to yield 

along a cylindrical surface circumscribed by the vane blades.  

 

Torque 

Slurry 

Cross-section of 

the vane 

Spindle 
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When a Brookfield vane viscometer (Figure 3.5) is used to measure a yield stress of a 

suspension, a maximum torque (in percentage unit) will be displayed. The value is then 

converted to a yield stress measurement by using a conversion equation as given by: 

 

 

                                 (3.2)                                                                         

 

 

 

 

Table 3.1: Viscometer and vane constants. 

Viscometer constant Vane constant 

LV 6.73e
-5 

Small  4.538e
-7 

RV 7.19e
-4 

Medium 3.757e
-6 

HB 5.75e
-3 

Large 1.255e
-5 

 

 

 

The viscometer constant (Table 3.1) depends on the type of the Brookfield vane 

viscometer (Figure 3.5) as it relies on the spring constant used to rotate the vane. 

Meanwhile, the vane constant depends on the dimension of the vane used by means of 

the empirical formula [34]: 
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where Tm is the maximum torque, vn is the yield stress, D is the diameter of the vane 

and H is the height of the vane.  The type of viscometer and vane will be employed such 

as: LV  RV  HB and Large Vane  Medium Vane  Small Vane, towards 

increasing viscosity of the slurry.  

 

 

 

           

 

Figure 3.5: Viscometer equipment. 

 

 

For the works in this thesis, yield stress measurement was conducted on alumina 

suspensions, with and without the presence of adsorbed additive. For the yield stress 

measurement, concentrated alumina slurry containing 55 wt% solids were used. The 

slurry was first prepared by mixing carefully weighed alumina powder with    distilled 
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 water. The measurement commenced in an alkaline medium resulting from an addition 

of a few drops of concentrated NaOH (~5 M). The pH level of the slurry was recorded. 

Then, the slurry was sonicated for ~60 seconds to ensure uniform particle distribution 

and dispersion. Sonication provides better breaking up conglomeration of particles [35]. 

The slurry was left to rest for ~5 minutes.       

 

Measurement was carried out by gently introducing the vane spindle into the slurry 

container until the vane was fully immersed. The vane spindle was carefully positioned 

as not to touch the bottom of the container. Then, the vane was rotated very slowly at a 

constant rotational speed. As the vane rotated from the rest position, the region of the 

slurry close to the edges of the vane blades would deform elastically. Eventually, when 

all the network bonds have been broken, the network would collapse and 

microscopically the material may be said to yield.  

 

During the measurement, concentrated HNO3 was used to decrease the pH of the 

slurries in a stepwise manner. Only concentrated NaOH and HNO3 (≥ 5 M) was used in 

the experiment to avoid dilution. At each pH interval, the sample was agitated with a 

spatula prior to measurements of pH and yield stress.  

 

3.3.4 Solubility experiment  

Solubility or stability of additive in solution was determined in this thesis as a function 

of pH. Instability or precipitation of the additives will turn a clear solution turbid. A 

turbidimeter, HI98703 Hanna, Romania was used to determine the pH at the onset of 

precipitation of additive. 
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The solubility experiment was conducted on 0.4 dwb% (g/100 g alumina powder) 

additives. No alumina powder was added to this solution but the proportions of water to 

additive used are the same amount used in the preparation of the suspension containing 

0.4 dwb % additive. Concentrated HNO3 or NaOH (>5 M) was used to adjust the pH of 

the solution in a stepwise manner. At low pH, unstable additive will precipitate and turn 

the solution milky. The turbidity of the solution was measured with a turbidimeter, in 

terms of NTU unit. Distilled water has a 0.2 NTU.  

 

3.4 Key Experimental Parameters 

 

3.4.1 Zeta potential: pH at zero zeta potential 

In this thesis, the measured zeta potential at different pH set at the pre-setting control 

computer system will be plotted as in Figure 3.6. The pH of suspension would 

commence at high pH region due to the addition of 5 M NaOH. This will result in high 

negative zeta potential density of the particle and hence negative zeta potential will be 

expected. When droplets of 0.5 M HNO3 were added into the suspension, the pH of the 

suspension decreased. This reduces the negative charge density of the particle (via 

charge neutralization) until positive charge density dominates. Consequently, positive 

zeta potential will be recorded.   

 

Zeta potential measurement provides information regarding the stability of colloid 

suspension. The higher the magnitude of the zeta potential, the more stable the system 

will be. Low magnitude of the zeta potential indicates that the particles are unstable 

such that they tend to coagulate or flocculate. 
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Figure 3.6: A typical zeta potential-pH behaviour showing the nature of the charge on 

the particle surface in suspension. The line is drawn as a guide to the eye 

 

 

Between the domination of the negative and positive charges density of the particle, 

there will be one intermediate pH where the net charge is zero. This point is referred as 

pH of zero zeta potential (pH=0) or the isoelectric point (pI). At the pH=0, the colloid 

suspension is highly unstable, and flocculation is at its most likely. This point can be 

used as a measure of adsorption. The degree of pH=0 shift can be used as an indication 

of a degree of adsorption of adsorbed additive.       
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Dispersed Dispersed 

Flocculated 

Maximum yield stress 

3.4.2 Yield stress: maximum yield stress  

In this thesis, the yield stress of suspension measured at different pH will be plotted as 

in Figure 3.7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: The parabolic trend of a typical yield stress-pH behaviour. 

 

 

The yield stress-pH behaviour provides information regarding the state (flocculated or 

dispersed) of the suspension. These states are displayed by a parabolic trend of the yield 

stress-pH behaviour. According to Equation (3.2), the yield stress will be at its 

maximum when the zeta potential is zero (i.e. the pI), such that only the strongly 

attractive van der Waals force is in operation. As the pH moves away from the pI, there 

will be a gradual increase in the strength of the electrical double layer repulsive force 
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reflected by a gradual decrease in the yield stress. At pH conditions well away from the 

pI, the electrical double layer repulsive force exceeds the attractive van der Waals force. 

At this point, the suspension will be in the stable dispersed phase.  

 

The maximum yield stress can be used to reveal the strength and nature of forces 

operating in the dispersions. Without adsorbed additive, the van der Waals attraction is 

the only force which contributes towards the strength of the maximum yield stress. In 

the presence of adsorbed additive, other surface forces may be present in addition to the 

van der Waals force. The ratio of the maximum yield stress of a suspension with 

additives to that without additives therefore characterizes the strength of the 

interparticle forces arising when additives are used to treat the colloid suspension. 
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4.0 CONFORMATIONAL STRUCTURE-SURFACE FORCE CORRELATION 

OF PURE ENANTIOMERIC AND RACEMATE MALIC ACIDS IN -Al2O3 

DISPERSIONS AS EFFECTIVE STERIC AGENTS 

 

This chapter is refereed and published in Advanced Powder Technology 23 (2012) 459-

464.  

 

The published ‘Materials and Methods’ section is abridged as in Section 4.2 in this 

chapter. Section 4.2 is explained in-detail in Chapter 3.0 General Material, 

Experimental Methods and Key Experimental Parameters of this thesis. 

 

4.1 Introduction 

 

The ability to control surface forces effectively is essential for the efficient processing 

of suspensions found in many industries such as in mineral processing, electronics, 

food, cosmetics, pharmaceuticals, wastewater treatment and ceramic fabrication [1-4]. 

These forces govern the suspension behaviour in flow, mixing, sedimentation, 

consolidation, filtration and flotation. It also determines the nature of the microstructure 

formed by particles in suspension. There are two classes for surface forces; the DLVO 

and the non-DLVO. Non-DLVO forces such as steric, bridging, patch charge, 

hydrophobic and depletion are normally formed in the presence of additives in 

particular adsorbed additives.  

 

A number of researchers, for example Biggs et al. [5], Chandramalar et al. [6], Leong 

[7-9] and Khoo et al. [10], have employed small polar additives with a well-defined and 

limited number of conformational structures to gain in-depth understanding of the 
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relationships between the various surfaces forces in suspensions and specific molecular 

factors or attributes of the additives such as spatial structure, location of functional 

groups, backbone rigidity, intra- and inter-molecular forces. Compounds with a well-

defined conformational structure such as 1,4-cyclohexane dicarboxylic acid [6] and 

fumaric acid [7] were found to produce strong bridging interactions while citric and 

dihydroxyfumaric acids give rise to strong steric effects [8, 9]. The strong steric effects 

produced by citric acid for example, has consistently reduced the maximum yield stress 

of the oxide suspensions at the point of zero charge by as much as 70% irrespective of 

the oxide dispersions used [9, 11, 12]. 

 

Since there is still lack of findings on many of the additives that display various types of 

surface forces, only through continuous studies of small, well-defined molecular 

structure a better understanding of the working principles of more complex polar 

macromolecules can be achieved. These macromolecules such as polyelectrolytes are 

commonly used as dispersant, wetting agent and flocculant. They have an infinite 

number of stable conformational structures producing complex inter- and intra-

molecular forces in dispersions [13].  

 

The common molecular attributes of citric and dihydroxyfumaric acids are the presence 

of (i) at least one hydroxyl group and (ii) intra-molecular hydrogen bonding involving 

this hydroxyl group and free functional group within the additive molecule [8, 9]. This 

intra-molecular hydrogen bond is apparently an essential attribute for small polar 

additives to function as an effective steric agent. It prevents the adsorbed molecules 

with its free charged groups from forming a strong bridge with the adjacent interacting 

particles. The physical barrier or steric layer formed by the adsorbed additive keeps the 

interacting particles separated thereby weakening the van der Waals attractive force. 
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However, there are simpler molecules than citric acid such as malic acid which could 

produce more definitive evidence on the effect of intra-molecular hydrogen bond. Malic 

acid has two carboxylic acid groups and one hydroxyl group, so it is less complex than 

citric acid which has three carboxylic acid groups and one hydroxyl group. Malic acid is 

also a chiral compound. The D- and L- form [14] are mirror image of one another. 

These D- and L- form molecules may come together to form a dimer if there is a strong 

attractive force such as hydrogen bond driving the interaction. Baranska et al. [14] 

observed that DL-malic acid forms two crystalline structures, -monoclinic (molecules 

bound head to tail) and -monoclinic (head to head), whereas the pure enantiomer, D- 

or L-, forms only one, the -monoclinic. Both DL- and L-malic acids form carboxyl-

dimer ring via hydrogen bonds in the solids state [14, 15]. DL-malic acid dimer was 

deduced to have two non-equivalent hydrogen bonds from Raman spectra. The two 

hydrogen bonds in the formation of the carboxyl-dimer ring of pure L- (or –D) are 

however equivalent. If the bond strength of the two non-equivalent hydrogen bonds is 

significantly different then this could affect the strength of the interparticle forces in 

suspension if such bonds are form between adsorbed racemate malic acid species in the 

suspension. This may be reflected by a significant difference in the maximum yield 

stress between suspensions containing DL-malic acid and D- or L- malic acid. Thus D-, 

L- and DL malic acid compounds are chosen in this study. As these are very simple 

compounds, they will have only a limited number of stable conformational structure 

which is very advantageous in such a molecular structure effect study.  

 

Molecular Mechanic (MM2) modeling will be employed to determine the stable 

conformational and spatial structures of the chiral malic acid compounds. 

CambridgeSoft ChemOffice software have already been used for this type of study [8, 

9]. The MM2 modeling is very accurate in predicting the conformational structure of 
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small compounds [16]. The assumed initial structure does not affect the final stable 

conformational structure obtained unlike that obtained in the modeling of large 

macromolecules such as protein. 

 

4.2 Materials and Methods 

 

Three types of additives used in this study were racemic mixtures (DL-malic acid), pure 

D-enantiomer (D-malic acid), and pure L-enantiomer malic acids (L-malic acid). All 

additives were sourced from Sigma-Aldrich. The molecular structure of D- and L-malic 

acid additives is shown in Table 4.1(a). DL-malic acid was considered as an 

equicomposition of the two enantiomers. Malic acid is extremely soluble in water (see 

Appendix 1) with a solubility of 55.5 %w/w at 20
o
C. It has acid dissociation constants 

of pKa1 = 3.40 and pKa2 = 5.20 at zero ionic strength [17]. At the higher ionic strength 

of 0.05 molkg
-1

 normally encountered in the suspensions, the pKa1 = 3.29 and pKa2 = 

4.75.    

 

Experimental methods (zeta potential and yield stress at different pH) were conducted 

as explained in Chapter 3. Concentrations of additives (DL-, D- and L- malic acids) 

evaluated were 0.1, 0.2, 0.4, 0.8 and 1.6 dwb% (g additive per 100g alumina).  

 

4.3 Results and Discussion 

 

The effect of pH on the zeta potential behaviour of 5 wt% -Al2O3 (alumina) 

dispersions with and without malic acid is shown in Figure 4.1. The results showed that 

the isoelectric point (pI) of this alumina is ~9. This value is a very typical value for 

alumina [9, 18-20]. In the presence of DL-malic acid, the zeta potential-pH curve is 
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shifted to a lower pH, a behaviour typically displayed by adsorbed anionic additives [8-

10, 18, 21, 22]. The extent of the shift increased with the malic acid concentration. Thus 

the pH of zero zeta potential, pH, was also shifted correspondingly to a lower pH.  
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Figure 4.1: Effect of racemate (DL-) malic acid on the zeta potential versus pH 

behaviour of 5 wt% -Al2O3 dispersions. The lines are drawn as a guide to the eye. 

 

 

The degree of pH shift is a function of additive concentration and the degree of 

additive adsorption. A small shift can indicate a very high degree of adsorption at low 

additive concentration or a low degree of adsorption at high additive concentration. In 

Figure 4.1, it can be seen that the addition of 0.1 dwb% of DL-malic acid caused a shift 

of 1.5 pH units. When the additive concentration was doubled, the extent of the shift 

was also doubled. Above 0.2 dwb% malic acid, the degree of the shift becomes smaller 
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with increasing malic acid concentration. This suggests that the surfaces of the alumina 

particles become increasingly saturated with adsorbed malic acid molecules. Assuming 

that the malic acid adsorption is 100% at the pH, the surface coverage calculated was 

142, 71, 36 and 18 Å
2
 per molecule of malic acid at 0.1, 0.2, 0.4 and 0.8 dwb%, 

respectively. In contrast, the monolayer coverage achieved by the packing of 

carboxylate head group is ~22 Å
2
 per group. This means that monolayer coverage has 

already been attained at 0.4 dwb% malic acid which is a good estimate after taking into 

consideration of the larger area occupied by a malic acid molecule compared to that 

occupied by the carboxylate head group. The surface coverage at 0.2 dwb% malic acid 

is considered to be very high too; would be much larger than 50% coverage. This 

explains the small shift in the pH at malic acid concentration more than 0.2 dwb%. 

 

The zeta potential data at pH above 10 for 0.1, 0.2 and 0.4 dwb% malic acid 

concentrations are identical to that with no additive. This suggests no malic acid ion 

adsorption occurring in this pH region. The negative zeta potential at 0.8 dwb% malic 

acid is lower in magnitude than that with no additive in this pH region. This is due to a 

higher ionic strength being present as a result of all the double charged malic anion 

remaining in the solution. The onset of this anion adsorption occurring at pH just less 

than 10 should increase the negative charge density of the alumina particles. This is 

reflected by the particles displaying a more negative zeta potential in this pH region. 

The adsorption of malic acid is expected to increase with decreasing pH. Complete or 

maximum adsorption should occur at the pH, particularly at low additive 

concentration where the surface coverage is incomplete, i.e. at 0.1 and 0.2 dwb% malic 

acid. At these concentrations, the extent of the pH shift to a lower value is also much 

larger for alumina with a relatively high pI of ~9.     
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Figure 4.2 shows the effect of DL-malic acid on the yield stress-pH behaviour of -

Al2O3 dispersions. The maximum yield stress at 0.1 dwb% malic acid, at the pH, was 

reduced from 330 Pa to 150 Pa, representing a reduction of 55%. However, the 

maximum yield stress rose slightly at 0.2 dwb% to 160 Pa and then to 175 Pa at 0.4 

dwb%, 185 Pa at 0.8 dwb% and 200 Pa at 1.6 dwb%. This rise suggests the presence of 

an additional attractive force arising from the adsorbed DL-malic acid. This force must 

be relatively weak.  

 

The yield stress-pH behaviour in the presence of pure  D- and L-malic acids is the same 

as that obtained for the racemate, as shown in Figure 4.3(a) and (b). A similar large 

reduction in the maximum yield stress at 0.1 dwb% additive and a gradual rise in this 

yield stress with further increase in additive concentration were observed.   

  

pH
0 2 4 6 8 10 12 14

Y
ie

ld
 s

tr
e

s
s

, 
 y
(

P
a

)

0

50

100

150

200

250

300

350

0.0

0.1

0.2

0.4 

0.8 

1.6 

dwb% (DL)-malic acid

 

Figure 4.2: The effect of malic acid on the yield stress-pH behaviour of 55 wt%           

-Al2O3. The lines are drawn as a guide to the eye. 
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Figure 4.3: The effect of pure enantiomer of (a) D- and (b) L- malic acids on the yield 

stress-pH behaviour of 55 wt% -Al2O3. The lines are drawn as a guide to the eye. 
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The shape of the yield stress-pH curve with the addition of malic acid is non-parabolic 

in shape. All slurries prepared with malic acid at pH ~12 possessed a small yield stress. 

The flocculation of the slurries is due to an increase in the ionic strength caused by the 

unadsorbed maleate anions. The yield stress then increased gradually with decreasing 

pH. This rise is more gradual at higher malic acid concentrations. At the highest 

concentration of 0.8 and 1.6 dwb% malic acid, the yield stress is almost constant at pH 

between 8 and 12. This yield stress is quite small, less than 20 Pa. The gradual rise and 

small yield stress is due to adsorbed malic acid (at increasing amount at lower pH) 

providing some degree of steric and charge repulsion to counter the dominating van der 

Waals forces. Near the pH, in particular at high additive concentrations of 0.8 and 1.6 

dwb%, the yield stress rose sharply to reach its maximum value. This shows that the 

charge repulsion provided by the adsorbed maleate is ineffective at this low pH level. 

The amount of free fully charged carboxylate group of the adsorbed maleate is expected 

to decrease at low pH.  

 

Figure 4.4 shows the effect of additive concentration of D-, L- and DL-malic acid on the 

maximum yield stress of 55 wt% -Al2O3 dispersions. Data for citric acid was included 

in the comparison. For all additives, an interesting feature is the sharp decrease in the 

maximum yield stress at low additive concentration. This is then followed by a very 

gradual increase with additive concentration. At the additive concentration of 0.4 and 

0.8 dwb% (at complete surface coverage), the DL-malic acid produced a lower 

maximum yield stress as compared to both D- or L-malic acid. However at the highest 

additive concentration of 1.6 dwb%, all three malic acid; D-, L- and DL-, displayed the 

same maximum yield stress.  
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Figure 4.4: The additive concentration-maximum yield stress behaviour. The lines are 

drawn as a guide to the eye.  

 

 

At complete surface coverage, the particle-particle interaction at the maximum yield 

stress will also involve interactions between the adsorbed malic acid layers of the two 

different interacting particles. The strong short-range steric repulsive force will keep the 

interacting particles separated by a minimum distance equivalent to the thickness of two 

malic acid molecules. Inter-molecular attractive forces (between two separate 

molecules) such as hydrogen bonding may be present. High concentration of this inter-

molecular bond can lead to a large increase in the maximum yield stress [10]. At low 

surface coverage (0.1 dwb% additive), the interaction between particles will be mostly 

likely be mediated by a partially formed adsorbed layer. The molecules of this adsorbed 

layer will mostly come in contact with a bare surface of a second interacting particle 

especially at the lowest additive concentration. Depending upon the nature of the 
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additive, the adsorbed molecules can interact attractively such as via unlike charged 

attraction forming strong particle bridging bond or via hydrogen bond forming weak 

bridging bond. The largest reduction in the maximum yield stress occurs at the lowest 

surface coverage of 142 Å
2
 per molecule of malic acid (at 0.1 dwb%) (see Figure 4.4). 

The maximum yield stress then begins to rise at a high surface coverage of 71 Å
2
 per 

molecule of malic acid (at 0.2 dwb%). The area occupied by the dicarboxylic malic acid 

molecule was estimated to be ~50 Å
2
. Hence at 0.1 dwb% additive, the coverage is 

~35% and at 0.2 dwb% additive it is ~70%.  

 

The maximum yield stress of suspension with 0.1 dwb% malic acid is located at a 

relatively high pH of 7.2. Figure 4.5 shows the relative concentration of the various 

ionic species of malic acid as a function of pH (also known as the species predominance 

diagram). At the pH of 7.2, the species composition is 99% di-ionic and 1% mono-

ionic. Hence, the di-ionic species is the one adsorbed on the alumina particles. Based on 

the large reduction in the maximum yield stress, this species performs extremely well as 

a steric agent.  
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Figure 4.5: Malic acid species predominance diagram. 
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At complete surface coverage (0.4 to 1.6 dwb% malic acid),  the composition of  malic 

acid species is 71.4% neutral species, 28.4% mono-ionic and only 0.2% di-ionic at the 

pH of maximum yield stress. Note that the alumina dispersions with malic acid were 

initially prepared at a high pH of 12. Adsorption commenced at pH ~9 where the di-

ionic malic acid is the predominant species. So the adsorbed di-ionic species will have 

fully charged carboxylate group that is free (unadsorbed). This group will gradually lose 

its charge as the pH is decreased. So the neutral species in the adsorbed state is when the 

free carboxylic group is uncharged. The 71.4% neutral species at the pH of maximum 

yield stress are likely to be the same as the adsorbed mono-ionic species which is 

neutral in the adsorbed state. Since all the adsorbed malic acid are uncharged the 

additional attractive force responsible for the small rise in the maximum yield stress (at 

pH) at increasing malic acid concentration must be due to a weak attractive 

interaction between these adsorbed neutral malic acid layers. The finding in this work 

indirectly revealed that the rise in the maximum yield stress in the presence of citric 

acid reported in earlier study [9] was not due to the presence of an extra carboxylic acid 

group.  

 

Molecular modeling to obtain the stable spatial structures subjected to MM2 minimum 

energy condition was performed on the various malic acid ionic species using the 

CambridgeSoft ChemOffice software package. The stable spatial structure of the 

neutral, mono-ionic and di-ionic malic acid species are shown in Table 4.1. The 

simulation result for the di-ionic species (Table 4.1b) showed the formation of intra-

molecular hydrogen bond formed between the hydroxyl group and the carboxylate 

group both bonded covalently to the same backbone carbon. The other fully charged 

carboxylate group bonded to the second backbone carbon can therefore attached itself 

onto a positive charge site of the alumina particle, also shown in the table. This intra-
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molecular hydrogen bond prevents the free fully charged carboxylate group from 

forming a bridging bond with the adjacent interacting particles. It reduces the effective 

charge of the carboxylate group and it also restricts the group from rotating freely. Also 

the di-ionic malic acid species in solution is hydrated via hydrogen bonding with as 

many as 4 ± 0.5 water molecules [15]. In the adsorbed state, the number of strongly 

bound water molecules may be smaller but these water molecules may play a direct role 

in preventing additive-mediated particle bridging interaction from occurring. All these 

factors explain the highly effective nature of the malic acid as a steric agent. Max and 

Chapados [15] reported that the hydration number of malic acid decreases with the 

neutral and the single charged species. The single charge species was evaluated to have 

a hydration number of 3 ± 2 water molecules while the neutral species have 2 ± 1 

molecules. In the adsorbed state, the number of hydrated water molecules can be as low 

as zero. Thus, this condition is favourable for intermolecular interaction between 

adsorbed low charge or neutral malic acid species on the interacting particles. But 

strong particle bridging interaction with these species is not possible, as reflected by the 

yield stress behaviour in Figures 4.2 and 4.3.   
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Table 4.1: MM2-molecular modeling for (a) neutral (b) mono- (c) di-ionic species of 

malic acids. 

                                D-isomer                                                L-isomer            

(a) Neutral species at very low pH: 

 

(b) Di-ionic species at high pH> 6: 

 

 

 

 

 

 

(c) Mono-ionic species at low pH < 5: 
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The conformational structure of the mono-ionic species in the adsorbed state is shown 

in Table 4.1(c). The free carboxylic acid group is uncharged. One of the stable 

structures, the D-isomer, did not display the presence of an intramolecular hydrogen 

bond. The L-isomer however did have an intramolecular hydrogen bond. At complete 

surface coverage, these molecules forming the adsorbed layer will come in close contact 

with the molecules in the adsorbed layer on the second particle for interaction. It is 

possible that inter-molecular hydrogen bonding could be established producing an 

additional attractive force. This interaction is generally very weak and hence the small 

rise in the maximum yield stress. However, if the density of this intermolecular 

hydrogen bond formed at the particle-particle contact is high, the increase in the 

maximum yield stress can be quite high, a 2-fold increase has been reported by Khoo et 

al. [10]. Johnson et al. [22] have reported a much larger increase. In this study, the rise 

in the maximum yield stress is quite small from 150 Pa to ~200Pa.   

 

There are earlier studies [21, 22] on the effects of malic acid on the zeta potential and 

yield stress of oxide dispersions. However this study is conducted in greater details and 

is more focus. Johnson et al. [22] did obtain similar zeta potential and yield stress 

results with mixed malic acids. However, no attempt was made to relate the interparticle 

forces with the molecular structure and forces of the adsorbed additives. They attributed 

outer-sphere adsorption to the malic acid and the increase in the maximum yield stress 

at high additive concentration and low pH to a number of factors such as (i) a thinner 

steric layer due to desorption and (ii) the formation of an Al(III)-organic gel precipitate 

despite the inability of citric acid to increase the dissolution of alumina [23] while 

maleate actually inhibits the dissolution at acidic pH [24]. The slightly higher maximum 

yield stress at 0.2 dwb% malic acid as compared to that at 0.1 dwb% occurred at pH 

between 4 and 5 (see Figures 4.2 and 4.3). At this pH level alumina is essentially 
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insoluble. Several recent studies have consistently demonstrated that the molecular 

structure of adsorbed additive plays a very important role in determining the nature and 

strength of the interparticle forces. The solid state study [14] showed the presence of 

two different types of hydrogen bonds in the racemic malic acid and only one type in 

the pure enantiomeric form. The difference in the maximum yield stress at complete 

surface coverage (0.4 and 0.8 dwb% additive) suggests that the racemic mixture formed 

a slightly weaker network structure.  

 

 4.4 Conclusion 

 

The yield stress-pH behaviours of -Al2O3 suspensions in the presence of enantiomeric 

and racemic malic acid are almost identical. However the maximum yield stress at 

complete surface coverage of racemic malic acid (0.4 and 0.8 dwb%) appeared to be 

smaller than that of the pure enantiomeric acid at the same surface coverage. This may 

be related to the two types of non-equivalent hydrogen bonds operating in the 

dispersions as compared to one type for the pure enantiomers. Intermolecular hydrogen 

bonding irrespective of the type, is likely responsible for the rise in the maximum yield 

stress at high surface coverage. At low surface coverage, hydration may have also 

played a role in inhibiting hydrogen bonding between malic acid ionic species. This 

together with intra-molecular hydrogen bonding, are responsible for the di-ionic species 

of the malic acid being a very effective steric agent.  
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5.0 CONFORMATIONAL STRUCTURE-SURFACE FORCE CORRELATION 

OF ETHYLENEDIAMINETETRAACETIC (EDTA), NITRILOTRIACETIC 

(NTA) AND (S,S)-ETHYLENEDIAMINE-N,N’-DISUCCINIC (EDDS) ACIDS IN 

-Al2O3 DISPERSIONS  

 

This chapter is refereed and published in Colloids and Surfaces A: Physicochemical and 

Engineering Aspects 395 (2012) 46-53.  

 

The published ‘Materials and Methods’ section is abridged as in Section 5.2 in this 

chapter. Section 5.2 is explained in-detail in Chapter 3.0 General Material, 

Experimental Methods and Key Experimental Parameters of this thesis.    

 

5.1 Introduction 

 

The importance of understanding colloidal suspension rheology is obviously significant 

in most of the chemical and process industries. Manufacturing industries, for example, 

concrete mix, food, pharmaceutical, paint, ink, coatings and drilling fluid desire such 

understandings [1-4]. The manner in which the final product is in either paste or 

emulsion form; or need to be dispersed or coagulated is the main reason for conducting 

continuous studies involving surface forces. Adsorbed additives are commonly used as a 

mean to impart the desired surface forces. Only through collection of enormous 

findings, better understanding and insight upon exploiting these forces could be 

achieved and hence controlling of rheological behaviour of the suspensions is possible.  

 

Surface forces are often associated with the nature and type of the adsorbed additives, 

such as the number and type of functional group in the molecular structure. Recent 
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studies showed that multi-functional group (i.e. two or more polar functional groups) of 

adsorbed additives have an effect on surface forces such as particle bridging [5-9]. Such 

bridging surface forces may become favourable especially when one of the functional 

groups is charged and adsorbed on particle surface, other free uncharged or charged 

functional group(s) may interact attractively with another particle surface or with 

another adsorbed molecule on an interacting particle. Together with other molecular 

attributes such as strong molecular backbone and ideal spatial structure, effective 

bridging interaction between particles can be produced. Such example of adsorbed 

additives are bolaform surfactant dicarboxylic acid [9], cis,cis- and trans,trans- 1,3-

butadiene-1,4-dicarboxylic acids [10], trans-aconitic acid [11], fumaric (trans-1,2-

ethylene dicarboxylic acid) and maleic (the cis-form) acids [12]. 

 

In previous study (Chapter 4), a simple molecule of malic acid was used as the adsorbed 

additive. Intra-molecular hydrogen bond was found to be an essential attribute for small 

polar additives such as malic acid to function as an effective steric agent. The next 

logical step of this work is to investigate the molecular structure effect of more complex 

small molecules, each comprises with two or more functional groups. In this study, 

structurally related branched compounds were selected. The compounds chosen were 

ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), and (S,S)-

ethylenediamine-N,N’-disuccinic acid (EDDS). These additives are all soluble at 

moderate pH but become insoluble at low pH. At moderate pH conformational 

structure-surface force correlation will be attempted. They all have a number of 

carboxylic acid groups that may engage in intra- and inter-molecular hydrogen 

bondings. It was hypothesized that when adsorbed additive has two or more functional 

groups, it may possess particle bridging interaction [5, 8, 9], and hence increases a 
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maximum yield stress of dispersion. At low pH however, precipitate bridging 

mechanism should be considered.  

 

5.2 Materials and Methods 

 

Three aminopolycarboxylate additives were selected for this study; EDTA, NTA and 

EDDS. EDTA has four acetic acid groups attached to two amine groups. Under suitable 

condition, an EDTA molecule can have both positive and negative charge at the same 

time. NTA is a smaller molecule. It has only three acetic acids joined to one amine 

group. The third is EDDS and it is structurally similar to EDTA in terms of the number 

of carboxylic acid and amine groups. Each of the two amine groups of EDDS has a 

dicarboxylic acid succinic group attached to it. All these additives were sourced from 

Sigma-Aldrich. The molecular structure of these additives is shown in Figure 5.1.  
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Figure 5.1: Molecular structure of a) EDTA, b) NTA and c) EDDS. 

 

Adsorption and solubility tests, and zeta potential and yield stress measurements (with 

and without the presence of adsorbed additive) of oxide dispersions were conducted as 

explained in Chapter 3. The concentrations of additives (EDTA, NTA and EDDS) 

evaluated in zeta potential and yield stress measurements were 0.05, 0.1, 0.2, 0.4 and 

0.8 dwb% (g additive per 100g alumina).   
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5.3 Results and Discussion 

 

The adsorption behaviour of NTA, EDTA and EDDS on -Al2O3 (alumina) particles 

was determined as a function of pH. Figure 5.2 shows the plots of the amount adsorbed 

in percent versus pH for 20 wt% -Al2O3 suspensions containing 0.4 dwb% additives. 

For all three additives the amount adsorbed is low at high pH. For example, at pH 10 the 

amount adsorbed is 23, 25 and 33% for EDTA, NTA and EDDS, respectively. At this 

pH, both the additives and alumina particles are negatively charged. The amount 

adsorbed increases rather sharply with decreasing pH until pH 4.5. The maximum 

amount adsorbed is located at a slightly lower pH of 4. This adsorbed amount is close to 

a 100% for EDTA and EDDS, and 80% for NTA. Note that additive insolubility will 

also be reflected in terms of a higher amount adsorbed.   
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Figure 5.2: The effect of amount additive adsorbed as a function of pH. The lines are 

drawn as a guide to the eye. 
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The solubility or stability of the additives in solution was determined as a function of 

pH. Instability or precipitation of the additives will turn a clear solution turbid. Figure 

5.3(a) and (b) shows the turbidity in NTU unit of EDTA, NTA and EDDS solutions at 

0.4-0.5 dwb% and 0.05 dwb% (g/100 g alumina – without the alumina added) 

concentration. At high additive concentration of ~0.5 dwb%, the onset of precipitation 

occurred at pH 4.5 for EDDS, 3.8 for EDTA and 2.7 for NTA. This pH decreases in 

value at the low additive concentration of 0.05 dwb%. The onset value is pH 3.7 for 

EDDS and pH ~3 for EDTA. NTA appeared to remain soluble at pH as low as 2. In 

summary, EDDS is the least soluble followed by EDTA and then by NTA at low pH. 

Figure 5.4 shows the corresponding images of the solubility of these acids as a function 

of pH for 0.4-0.5 dwb% additive. Precipitation as indicated by the turbidity of the 

solutions was observed to occur at pH 3.5 for EDTA, 2.6 for NTA and 4.4 for EDDS. 

This result is consistent with the turbidity result reported in Figure 5.3(a). At very low 

additive concentrations, precipitation occurs at a lower pH.  

 

The effects of EDTA, NTA and EDDS concentrations on the zeta potential-pH 

behaviour of 5 wt% of -Al2O3 dispersions are shown in Figure 5.5(a)-(c). For all three 

additives, the zeta potential-pH curve was shifted progressively to the more acidic pH 

region with increasing additive concentration. In the presence of the adsorbed additives, 

the downward shift of the pH of zero zeta potential (pH) is due to anionic additive 

adsorption neutralizing the underlying surface positive charges of the alumina particles 

at pH below the isoelectric point (pI). At higher additive concentrations, there are more 

negative charges thus requiring more positive surface charges to achieve charge 

neutrality. Only at a lower pH will the particles acquire enough surface positive charges.  

This explains the shift of the pH to a lower pH with increasing additive 

concentration. 
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Figure 5.3: The effect of additive solubility in water at (a) 0.4-0.5 dwb% and (b) 0.05 

dwb%. The lines are drawn as a guide to the eye. 
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(a)  

(b)  

(c)  

Figure 5.4: Images of solubility various pH levels of (a) EDTA (b) NTA and (c) EDDS 

solutions at additive concentration of 0.4-0.5 dwb%. 
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Figure 5.5: The effect of zeta potential versus pH for alumina slurries with adsorbed 

additive from 0 to 0.8 dwb% of (a) EDTA, (b) NTA, and (c) EDDS. The lines are drawn 

as a guide to the eye. 

 

 

At 0.2 dwb% EDTA, the shift in the pH was quite small, to pH 8.5 as shown in 

Figure 5.5(a). A much more significant shift was observed at 0.4 and 0.8 dwb% EDTA. 

The pH is now located at 6.8 for 0.4 dwb% EDTA and 4.8 for 0.8 dwb% EDTA. The 

zeta potential in the positively charged region (pH < 9.0) of the alumina particles is 

reduced by EDTA. The extent of the reduction increased with EDTA concentration 

(Figure 5.5a). This means that adsorbed EDTA is net negatively charged. Upon 

adsorption, it reduced the positive charged density of the alumina particles. In the 

negatively charged region at pH > 10, the zeta potential was not significantly affected 

by EDTA. This suggests negligible EDTA adsorption at this pH level which is expected 

since both the additive and the particles are negatively charged. 
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Unlike EDTA, the pHat 0.4 and 0.8 dwb% NTA was the same, located at 6.8 as 

shown in Figure 5.5(b). EDDS is much like EDTA in behaviour in terms of the extent 

of the shift in the pHat high additive concentrations (Figure 5.5c). 

 

The yield stress-pH behaviour of 55 wt% -Al2O3 dispersions in the presence of these 

additives are quite different especially at the high additive concentration region as 

shown in Figure 5.6(a), (b) and (c) for EDTA, NTA and EDDS, respectively. At low 

additive concentration of < 0.1 dwb%, the maximum yield stress (for all additives) was 

decreased very significantly. In the absence of additive, the maximum yield stress was 

315 Pa.  
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Figure 5.6: The effect of yield stress versus pH for alumina slurries with a range of 

adsorbed (a) EDTA, (b) NTA, and (c) EDDS from 0 to 0.8 dwb%. The lines are drawn 

as a guide to the eye. 
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Figure 5.6(a) shows that EDTA reduced the maximum yield stress sharply to 182 Pa at 

0.05 dwb% additive, representing a 42.2% reduction. The reduction then became much 

more gradual. The total reduction is only 43.5% at 0.1 dwb%, 50% at 0.2 dwb%; and as 

much as 70% and 75% at 0.4 dwb% and 0.8 dwb% EDTA. The maximum yield stress is 

apparently located at pH condition.  

 

At the pH of maximum yield stress for 0.05 and 0.1 dwb% EDTA, the amount adsorbed 

was calculated to be 100% based on the adsorption data in Figure 5.2 for 0.4 dwb% 

additive. The pH of maximum yield stress is located at 8.4 and 7.4 for 0.05 and 0.1 

dwb% EDTA, respectively. At 100% adsorption, the amount of carbon adsorbed is 

0.021g per 100 g -Al2O3 and 0.041 g per 100 g oxide, respectively. From the data in 

Figure 5.2, the amount adsorbed at pH 8.4 is 46% and with the carbon mass content of 

41%, the amount adsorbed was calculated to be 0.076 g Carbon per 100 g -Al2O3. This 

value is much higher than the 0.021 g and 0.041 g Carbon per 100 g -Al2O3 required 

for 100% adsorption for 0.05 and 0.1 dwb% additives.  

 

At 0.05 and 0.1 dwb% NTA, a significant reduction in the maximum yield stress was 

also observed, as shown in Figure 5.6(b). Compared to EDTA at the same 

concentrations, the reduction appeared to be much larger, as much as 68.3%. Similarly, 

the amount of NTA adsorbed is a 100% at the pH of maximum yield stress at these two 

additive concentrations. The greater reduction is most likely due to more NTA 

molecules being adsorbed. At a fixed additive concentration in dwb%, the number 

concentration of NTA is more than EDTA due to its lower molecular weight (Mw). An 

interesting feature observed in Figure 5.6(b) is that the yield stress-pH curve at these 

low additive concentrations is parabolic in shape. Also, the maximum yield stress at 

these low NTA concentrations appeared to be located at the pH. 
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However at higher NTA concentration, 0.2 dwb% or more, the yield stress-pH curve 

plateaus at a maximum value in the low pH region. Also, there is no dispersed region at 

pH between 2 and 13 at these concentrations. The flocculation at high pH is likely due 

to a higher ionic strength effect brought about by the triply charged NTA being 

unadsorbed contributing significantly to the ionic strength of the dispersions. The yield 

stress displayed a mini-maximum at pH 11 and then increases again all the way to pH 2. 

At 0.2 dwb% NTA, the yield stress flattens out from pH 5 to 2. The yield stress-pH 

curves of 0.4 and 0.8 dwb% NTA are almost identical. The yield stress at pH 2 for 0.4 

and 0.8 dwb% NTA is slightly larger than the maximum yield stress of the dispersion 

with 0.05 dwb% NTA. The pH of 0.2, 0.4 and 0.8 dwb% NTA are almost identical, 

located at pH 6.8, as shown in Figure 5.5(b). This occurred in the pH region where the 

yield stress was still rising. The much larger than expected yield stress at high additive 

concentration suggested the presence of an additional attractive force.  

 

With the EDDS additive, the reduction in the maximum yield stress was ~40% at 0.05 

and 0.1 dwb%, and ~50% at 0.2 dwb% as shown in Figure 5.6(c). Similarly, the amount 

of EDDS adsorbed at the pH of maximum yield stress at the low additive concentrations 

of 0.05 and 0.1 dwb% is a 100%. Unlike NTA, the increase in the maximum yield stress 

at 0.4 and 0.8 dwb% was very pronounced. This stress is located at pH between 4 and 5 

where the amount of EDDS adsorbed is more than 90% as shown in Figure 5.2 (for 

additive concentration of 0.4 dwb%). The value of this yield stress for the 0.8 dwb% 

EDDS is as large as that with no additive. This means an additional and relatively strong 

attractive force is present in the suspension. The pH of maximum yield stress is quite 

close to the pH of 5.6 and 6.4 for the 0.4 and 0.8 dwb% EDDS. 
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At the high pH of maximum yield stress or pH of zero zeta potential observed at low 

additive concentrations, all three additives are soluble. Under this condition, the 

molecular and conformational structures of the adsorbed additive will play a role in 

determining the nature of the surface forces operating in the suspensions. At high 

additive concentration where the maximum yield stress is located at a low pH, the 

nature and morphology of the precipitates formed such as its phase (oily liquid or 

solids) [13], charge nature and density, and strength, are important factors that should be 

taken into consideration [14, 15]. 

 

All three additives have been shown to produce very significant reduction in the 

maximum yield stress at low concentrations of 0.05 and 0.1 dwb% additives. The 

molecular and conformational structures of the adsorbed additive species must be very 

favourable in producing a highly effective steric effect. Compared to EDTA, NTA has 

one less carboxylic acid and amine groups with branching occurring at the sole amine 

group. EDDS like EDTA also have four carboxylic acid groups and two amine groups.  

In EDTA, each amine group is bound to two acetic acid groups while in EDDS each 

amine group is bound to a succinic acid group. So in EDDS, one of the two carboxylic 

acid groups in the succinic acid is located further away, by one carbon, from the amine 

group.  

 

Figure 5.7 shows the plotted EDTA species distribution chart which was constructed by 

using the pKa values of: pKa,1 = 0.0, pKa,2 = 1.51, pKa,3 = 2.07, pKa,4 = 2.75 pKa,5 = 

6.24, pKa,6 = 10.34 [16]. Similar plotted was reported by Coleman [17]. From the 

figure, the main species at the pH of maximum yield stress of 8.5 and 7.4 is the tri-ionic 

species (≥ 95%). The rest is di-ionic. In the yield stress measurement, the pH was 

decreased from alkaline to acidic medium. The EDTA species that first adsorbed on the 
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particle surface at 0.05 dwb% will be the tri-ionic species. In this species, there will be a 

pair of fully charged carboxylate groups attached to one of the amine groups. If one of 

these charged carboxylate groups adsorbed on the particle surface then the free charged 

carboxylate group can formed hydrogen bond with the uncharged carboxylate group 

located on the second amine group as shown in Figure 5.8(a). Previous studies [11, 18] 

have shown that such hydrogen bonding will reduce the capability of the free 

carboxylate group via charge reduction, to attach strongly onto an adjacent particle. 

Hence, particle bridging interaction is hindered. The di-ionic species in fact formed two 

intra-molecular hydrogen bonds as shown in Figure 5.8(b). EDTA is thus a very 

effective steric agent.  
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Figure 5.7: EDTA species distribution chart. 
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                            (a)     (b) 

Figure 5.8: Spatial conformational molecular structure of (a) tri-, and (b) di-ionic 

species of EDTA obtained by MM2 molecular modeling. Dotted lines denote the 

intramolecular hydrogen bonding. 

 

 

Figure 5.9 shows the species distribution chart of NTA. At the pH of 8 and 7.5 for 

0.05 and 0.1 dwb% NTA, the main species is the di-ionic species which accounted for 

as much as 99% of the total. This di-ionic species also form an intra-molecular 

hydrogen bond between the uncharged and a charged carboxylate group as shown in 

Figure 5.10. NTA is therefore also a very effective steric agent.  

 

The EDDS species distribution chart in Figure 5.11 showed that the main species at the 

pH of maximum yield stress (at pH) of 8.4 and 8.1 is the tri-ionic species. This 

species account for 90-95% of the total. Simulated spatial structure in Figure 5.12 

showed the formation of intra-molecular hydrogen bonding between one of the charged 

carboxylate groups with the hydrogen of the amine group. If one of the charged 

carboxylate groups is involved in adsorption on the particle surface, there will be 
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another free charged carboxylate group available for strong bridging interaction with an 

adjacent particle. However this bridging interaction must not be important as the 

maximum yield stress was significantly reduced at low additive concentrations.  
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Figure 5.9: NTA species distribution chart. The pKa values: pKa,1 = 1.10, pKa,2 = 1.97 

pKa,3 = 2.43, pKa,4 = 9.33 [16]. 

 

Figure 5.10: Spatial conformational molecular structure of di-ionic NTA obtained by 

MM2 molecular modeling. Dotted line denotes the intramolecular hydrogen bonding. 
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Figure 5.11: EDDS species distribution chart. The pKa values: pKa,1 = 3.03, pKa,2 = 

3.92, pKa,3 = 7.01, pKa,4 = 9.70 [19]. 

 

 

Figure 5.12: Spatial conformational molecular structure of tri-ionic EDDS obtained by 

MM2 molecular modeling. Dotted line denotes the intramolecular hydrogen bonding. 

 

 

In summary, intra-molecular hydrogen bonding was observed to form in the 

predominant species of all three additives at the pH of maximum yield stress at the low 

additive concentrations. This finding reinforced earlier findings [11, 18] and that in 

Chapter 4, that intra-molecular hydrogen bonding is an essential molecular attributes for 
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a steric agent. NTA appeared to perform better as a steric agent than EDDS and EDTA 

in terms of the extent of yield stress reduction at a fixed additive concentration of 0.1 

dwb%. This is due to the more NTA molecules being adsorbed at a given additive 

concentration as it has the lowest Mw.  

 

At high concentrations of the three additives, the maximum yield stress of each additive 

is located at the insoluble pH region. Adsorption data for 0.4 dwb% additive in Figure 

5.2 showed almost 95% adsorption for EDTA and EDDS at pH 3-4 and ~79% for NTA 

at pH 3. In this pH region, EDDS caused a very pronounced increase in the maximum 

yield stress; EDTA however did not while NTA caused only a small increase. This 

study has shown that it is not always the case that precipitation of adsorbed additive will 

lead to a large increase in the maximum yield stress. Precipitate bridging involving 

hydrolysis product of metal ions [14] and terephthalic acid [15] has led to a very large 

increase in the maximum yield stress. This may also be a factor responsible for the large 

increase reported for trans,trans-muconic acid [10] and the long chain bolaform 

dicarboxylic acid such as 1,2-dodecane dicarboxylic acid [9].   

 

The mechanism of precipitate bridging is still quite unclear. In this study, all three 

additives commenced adsorption at high pH at ~pI of alumina where the additives are 

still soluble. The amount adsorbed increases with decreasing pH. At low pH these 

adsorbed additive molecules become insoluble and will likely to bind to the other 

insoluble additive molecules on the adjacent interacting particles at the closest point of 

interaction thereby reducing the surface energy of the small precipitates. This is likely 

the scenario to explain the small amount of insoluble additives being responsible for the 

very large increase in the maximum yield stress reported previously [14, 15]. At the 

point of structural breakdown, the point of failure can be at the particle-precipitate 
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interface or within the precipitate if the precipitate bridge is mechanically weak. The 

particle-precipitate bond is that of a positive-negative charge interaction. This was 

supported by zeta potential and species data.   

 

However the three additives used here are amphoteric in nature. They contain amine 

groups that may acquire a positive charge at low pH. It is therefore possible that the 

precipitates become positively charged at low pH. So, the zeta potential of the NTA, 

EDTA and EDDS precipitates at pH at the onset of precipitation was measured. Figure 

5.13 shows the zeta potential measurement for a few sets of NTA, EDTA and EDDS 

precipitates at the onset of precipitation. The zeta potentials of EDTA and EDDS were 

negative. The zeta potential of NTA was close to zero or very weakly negative. 

Therefore, bridging of positively charged alumina particles by the negatively charged 

precipitates at low pH is possible. The small rise in the maximum yield stress by NTA 

(from Figure 5.6b) can be explained by its low negative or close to zero zeta potential. 

However, the absence of a rise in the maximum yield stress by EDTA precipitate 

remains a mystery. The extent of EDTA adsorption at low pH is very high and the same 

as EDDS. Yet, the structurally similar EDDS produced a large increase in the maximum 

yield stress. The possible reasons are (i) a mechanically weak precipitate and (ii) large 

precipitates being formed so that not enough material is available to reinforce all the 

particle-particle bonds in the network.   
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Figure 5.13:  Zeta potential of EDTA, NTA and EDDS precipitates at pH of onset of 

precipitation. 

 

 

5.4 Conclusion 

 

NTA, EDTA and EDDS additives were found to perform very effectively as a steric 

agent at low additive concentrations in alumina suspensions where the adsorption is a 

100% and at a relatively high pH of maximum yield stress. The predominant species at 

these pH levels showed via molecular modeling the presence of intra-molecular 

hydrogen bond in all three additives. This result reinforced earlier findings that intra-

molecular hydrogen bond is an essential molecular attribute for an additive to be a steric 

agent. At high additive concentrations and low pH, NTA, EDTA and EDDS become 

insoluble. Precipitate bridging was responsible for the rise in the maximum yield stress 

at low pH for NTA and EDDS. However, EDTA precipitate did not cause a rise. 
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Precipitate bridging is quite a new phenomenon in suspension processing that not much 

is known about its effect on rheology. This is the first result ever reported that showed 

precipitate bridging does not always increase the yield stress.  
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6.0 CONFORMATIONAL STRUCTURE-SURFACE FORCE CORRELATION 

OF DIETHYLENETRIAMINEPENTAACETIC ACID (DTPA) AND METAL 

ION CHELATES OF DTPA AND EDTA  

 

This chapter is refereed and published in Colloids and Surfaces A: Physicochemical and 

Engineering Aspects 422 (2013) 172-180.  

 

The published ‘Materials and Methods’ section is abridged as in Section 6.2 in this 

chapter. Section 6.2 is explained in-detail in Chapter 3.0 General Material, 

Experimental Methods and Key Experimental Parameters of this thesis.    

 

6.1 Introduction 

 

Adsorbed additives give rise to a range of non-DLVO forces in colloidal suspensions 

such as bridging [1-3], depletion [4, 5], steric [6, 7] and  patch charge [8, 9]. The nature 

and strength of these forces are dependent upon the molecular structure and 

architecture, and number, type and location of the functional groups of the adsorbed 

additives. The effects of some of these molecular parameters have been studied 

systematically (Chapter 4 and 5) in an attempt to develop a fundamental relationship 

with the type and strength of surface forces that arises. This task of getting a clear 

correlation is made more difficult by the number of parameters involved. One of the 

strategies employed is by evaluating different families of additives and within each 

family there is progressive but small variation in the molecular architecture, and 

functional group composition and location. Examples are (i) linear rigid dicarboxylic 

acids compounds with different chain and relative location of the carboxylic acid groups 

comprising of fumaric, maleic, trans,trans- and cis,cis-muconic acids [10, 11], (ii) citric 
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acid-related compounds that include citric acid, cis- and trans-aconitic acid and 

propane-1,2,3 tricarboxylic acids [12], (iii) malic acid-simpler molecule than citric acid 

(as in Chapter 4) [13], and (iv) branched amino-carboxylic acid compounds that 

includes nitrilotriacetic acid (NTA) and ethylenediaminetetracetic acid (EDTA) (as in 

Chapter 5) [14]. The aim of the present study is to investigate EDTA’s higher molecular 

weight (Mw) counterpart, the diethylenetriaminepentacetic acid (DTPA). The effect of 

EDTA and DTPA molecular architectures on the surface forces in spherical alumina 

dispersions via chelation with metal ions is also investigated.   

 

Previous studies showed that backbone rigidity and spatial position of opposite ended 

carboxylate groups are important molecular attributes in determining whether a linear 

bolaform dicarboxylic acid compound performs effectively as a particle bridging 

compound acids [10, 11]. Studies on citric acid family compounds [12] and other 

additive family compounds such as malic acid (Chapter 4) [13] and 

aminopolycarbonates (Chapter 5) [14] showed that intramolecular hydrogen bonding is 

crucial for a compound to function as an effective steric agent. Meanwhile 

intermolecular hydrogen bonding between the adsorbed additives on the interacting 

particles can lead to a small increase in the strength of the interparticle attraction [15]. 

This occurred with additive possessing more than one polar functional group. At high 

additive concentration and at low pH, free carboxylic acid group of the adsorbed 

additive is generally uncharged and so intermolecular hydrogen bonding is possible.  

 

Of late, another phenomenon was discovered, where precipitate bridging by small 

additives leading to a large increase in the maximum yield stress or strength of 

interparticle attraction with only a small amount of additives. This was observed with 

terephthalic acid at low pH where the increase in the maximum yield stress was about 7-
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folds [16]. This additive commenced to precipitate at pH below 4. The precipitate 

bridging was also discovered in the study of amphoteric, branched NTA, EDTA and 

EDDS on the yield stress of -Al2O3 (alumina) dispersions (Chapter 5). The study 

showed that not all low pH insoluble additives lead to strong bridging. This was the 

case with EDTA precipitate not forming strong bridge between interacting particles at 

low pH conditions. An intermolecular hydrogen bonding in NTA has affected the yield 

stress of the oxide suspension to remain in flocculated state over the pH range of 2-9.  

 

DTPA or Pentetic acid is a high Mw relative of EDTA and NTA. It therefore has a 

slightly different molecular structure and architecture. The result of its effect on the 

surface forces of alumina suspension will be compared with that of EDTA and NTA in 

order to draw trend and more precise conclusions.  

 

All the three additives; DTPA, EDTA and NTA are very well-known chelating agents 

used commonly to remediate heavy metal-contaminated soil and groundwater [17, 18] 

and are also employed to protect patient from iron-toxicity [19]. The chelation of these 

compounds with metal ions will change the configuration of the DTPA and EDTA 

molecules and also impart a high degree of rigidity to the molecules. This study will 

also explore the effects of these chelates on interparticle forces in concentrated 

suspension. The metal ions chelates chosen for this study are ZnDTPA, CuDTPA, 

ZnEDTA, CuEDTA and Fe(III)EDTA. 

 

6.2 Materials and Methods 

 

Two alumina powders were used in this study. One was sourced from Sumitomo 

Chemical Company, Japan and is known as AKP30. The other is a spherical alumina 
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sourced from Admatech, Japan and is known as AO802. The AKP30 powder has a BET 

surface area of 6.4 m
2
/g, a median size of 0.41 m and an isoelectric point (pI) of ~9. 

The AO802 powder has a BET surface area of 6.3 m
2
/g, a median size of 0.6 m and a 

pI of ~8.5. SEM image of the two alumina powders is shown in Figure 6.1(a) and (b). 

DTPA adsorbed additive (≥ 99% titration, purified, 2x crystallized) was purchased from 

Sigma-Aldrich. The maximum solubility of DTPA in water at 25
o
C is 0.5 g/100 ml. The 

pH of saturated solution is 2.1-2.5. At higher pH, the solubility should be higher.  

 

 

 

 

 

(a) 

 

 

 

 

 

 

(b) 

 

 

 

Figure 6.1: SEM images of (a) AKP30 and (b) AO802 alumina powders. 
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Experimental methods (adsorption test, zeta potential and yield stress) were conducted 

as explained in Chapter 3. Concentrations of DTPA additives evaluated were 0.05, 0.1, 

0.2, 0.4 and 0.8 dwb% (g additive per 100 g alumina). 

 

At the highest additive concentration of 0.8 dwb% in 5 wt% alumina suspension, the 

DTPA concentration is 0.04 g per 100 g H2O. Hence, the influence of the DTPA on the 

alumina particles is under soluble state condition. However, at 0.4 dwb% in 55 wt% 

alumina suspension, the DTPA concentration is very close to its solubility concentration 

limit, which is at 0.49 g per 100 g H2O.      

 

Chelation of metal ion (Zn
2+

, Cu
2+

 or Fe
3+

) with DTPA (or EDTA) was conducted in 

several steps. The amount of each powder, Zn(NO3)2, Cu(NO3)2 and FeCl3, was 

calculated to be in a mole ratio of 1 to 1 with the DTPA (or EDTA) molecule. A 

solution with desired concentration was prepared by adding each powder into water, 

with a few drops of 5 M NaOH in order to increase the pH of the solution to ~7. The 

solution was sonicated and left to rest until all the powder was dissolved. Then, a 

specified amount of DTPA (or EDTA) was added into the solution. Again, solution was 

sonicated until homogeneous solution was formed. The mixture was left for another 24 

hours prior to adsorption to occur. Hong et al. [17] reported that 74% of Zn
2+

 can be 

adsorbed by DTPA at pH ~7 in 4-contact hour. Zeta potential measurement was 

conducted on alumina suspension in the presence of 0.4 dwb% ZnDTPA only. The 

effect of all the complexes on alumina suspension was investigated via yield stress 

measurement.   
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6.3 Results and Discussion 

 

Figure 6.2 shows the amount adsorbed in percent versus pH of 0.4 dwb% DTPA (g 

additive/100 g oxide) in 20 wt% alumina suspension. The result showed that amount 

adsorbed is fairly low at high pH and very high at low pH. The transition of the degree 

of adsorption from low to high occurred over a relatively narrow pH range which is 3 

pH units, from pH 9 to 6. The amount adsorbed at pH 9 is 40% which then increased up 

to more than 80% at pH 6. At pH 2, the degree of adsorption approached 100%. The 

trend of the adsorption data implies that the amphoteric DTPA has an anionic character. 

These adsorption data is used to determine the degree of adsorption at the pH of 

maximum yield stress of the suspension in the presence of DTPA. The molecular 

structure of DTPA is included in Figure 6.2 as an inset.  

 

Figure 6.2: The effect of pH on the adsorption behaviour of DTPA (inset) on -Al2O3 

suspension containing 0.4 dwb% DTPA. The line is drawn as a guide to the eye. 
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Figure 6.3 shows the effect of DTPA on the zeta potential-pH behaviour of 5 wt% 

alumina suspension. DTPA shifted the pH of zero zeta potential (pHζ=0) to a lower pH. 

This is a clear indication of the presence of DTPA adsorption. It also indicates that this 

amphoteric compound is more anionic in character [11, 15, 20]. This is not surprising 

considering that it possess five carboxylic acid groups and three tertiary amine group. 

This implies the change to the particle surface chemistry is due more to the carboxylic 

acid group of the DTPA additive. The degree of pHζ=0 shift increased with DTPA 

concentration. This is also anticipated because more DTPA will be absorbed at higher 

DTPA concentration.  
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Figure 6.3: The zeta potential-pH behaviour of -Al2O3 dispersion in the presence of 

adsorbed DTPA. The lines are drawn as a guide to the eye. 
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At low concentration of 0.05 and 0.1 dwb%, the shift in the pH is quite small, less 

than 1 pH unit. The shift is more significant at 0.2, 0.4 and 0.8 dwb% concentrations. 

The pH is now located at 7.6, 6.4 and 4, respectively. The shift in pHζ=0 is as much as 

5 pH units at the highest DTPA concentration of 0.8 dwb%. 

 

At all DTPA concentrations, the zeta potential is unaffected by the additive at pH > 9.5. 

This indicates no DTPA adsorption above this pH level. DTPA adsorption commenced 

at pH ~9.5 and increased with decreasing pH.  At pHζ=0, the amount of DTPA adsorbed 

should be close to 100%, particularly at low DTPA concentrations. The adsorption 

capacity of DTPA at pH 8.2 is 60% of 0.4 g additive in a 100 g oxide according to the 

data in Figure 6.2. This works out to be 0.24 g additive per 100 g oxide, which is far 

more than the additive concentration of 0.05 and 0.1 g DTPA per 100 g oxide (or 

dwb%) employed. At pH 6.4 where the pHζ=0 of the 0.4dwb% DTPA suspension is 

located, the amount adsorbed is more than 90%.  

 

Yield stress characterizes the strength of the net attractive forces operating between 

particles in the network of the flocculated suspension. There is a wealth of literatures 

that employed yield stress measurement to reflect the surface forces in suspension [11, 

21-23]. Figure 6.4 shows the effect of DTPA on the yield stress behaviour of 55 wt%  

-Al2O3 suspension. In the absence of adsorbed DTPA, the suspension is completely 

dispersed at pH less than 5 and more than 11. A maximum yield stress of 310 Pa is 

observed at pH ~9, which is also the pHζ=0. At this pH, only the van der Waals attractive 

force is present.   
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Figure 6.4: The yield stress-pH behaviour of -Al2O3 dispersion under the influence of 

adsorbed DTPA. The lines are drawn as a guide to the eye. 

 

 

In the presence of DTPA, the maximum yield stress of the suspension was reduced very 

significantly, as much as 57%. The degree of the reduction was about the same for 

DTPA concentration ranging from 0.05-0.4 dwb%. For 0.05 and 0.1 dwb% DTPA, the 

yield stress displayed a prominent peak at pH ~8.0 and with a sharply decreasing stress 

on either side of it. However for 0.2 and 0.4 dwb% DTPA, once the maximum yield 

stress is reached at pH ~7, the yield stress remained essentially constant with a further 

decrease in pH. This suggests the presence of another attractive force preventing the 

yield stress from further decrease in the low pH region. For the suspension with highest 

DTPA concentration of 0.8 dwb%, the yield stress is generally much smaller at all pH 

level except at the lowest pH. It reached a local maximum at pH ~7 where the yield 

stress is 75 Pa, representing a 76% reduction. The yield stress decreased slightly to pH 

4.5 and then rose sharply to 150 Pa at pH 2.5. Again, the presence of an additional 
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attractive force in the pH region of between 4.5 and 2.5 is conjectured. This additional 

attractive force could be due to intermolecular hydrogen bonding formed between the 

additives on the interacting particles at close contact. At this low pH region, the free 

polar functional groups of the additives would be uncharged and can therefore 

participate in hydrogen bonding [15].  

 

For the suspension with 0.05 and 0.1 dwb% DTPA, the degree of additive adsorption is 

100% at the pH of maximum yield stress. According to the adsorption data for 0.4 

dwb% DTPA in Figure 6.2, the amount adsorbed at the pH of maximum yield stress of 

8.4 and 8 is 56% and 60%, respectively. This gives saturation coverage of 0.224 g 

DTPA per 100 g oxide at pH 8.4 and 0.24 g DTPA at pH 8. These values of saturation 

coverage at pH 8 and 8.4 are much higher than the amount of DTPA available for 

adsorption at 0.05 and 0.1 dwb% DTPA (0.05 g and 0.1 g DTPA per 100 g oxides) 

concentrations. The corresponding surface coverage is 1672 and 836 Å
2
 per molecule or 

334.4 and 167.2 Å
2
 per carboxylic group, respectively. The surface coverage is quite 

low considering that monolayer coverage by carboxylic group only is ~25 Å
2
 per group. 

 

At the pH of maximum yield stress for the suspensions with 0.2 and 0.4 dwb% DTPA, 

the amount adsorbed is 66% (at pH 7.6). Using the adsorption data in Figure 6.2, the 

saturated value is 0.264 g DTPA per 100 g of oxide. For the 0.2 dwb% DTPA, the 

amount adsorbed is also 100% at the pH of maximum yield stress. For the 0.4 dwb% 

DTPA, the amount adsorbed is only ~70%. The surface coverage of the 0.2 dwb% 

DTPA suspension is 83.6 Å
2
 per carboxylic group. This surface coverage is quite close 

to monolayer coverage considering that the size of the segment, -N-CH2-COOH, 

adsorbed is much larger than –COOH alone provided that all DTPA molecules adsorbed 
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lying flat on the particle surface. The maximum yield stress was reduced to 120 Pa at 

both DTPA concentrations. This yield stress remained essentially constant at low pH. 

 

The amount adsorbed at the maximum yield stress located at pH 7 for 0.8 dwb% DTPA 

suspension is 76%. The saturated adsorption value is 0.384 g DTPA per 100 g oxide. 

This suggests that slightly more than 50% of DTPA molecules are unadsorbed and that 

the particles are fully covered with adsorbed DTPA. If multilayer adsorption is 

permitted then the amount adsorbed will be higher.   

 

DTPA has five carboxylic acid groups with different acid strength constant. The range 

and relative amount of DTPA species formed as a function of pH are plotted in Figure 

6.5. The relative composition of the species determined as a function was calculated 

based on the pKa values of the amine and carboxylic acid groups. The pKa values are 

0.90, 1.70, 2.30, 2.50, 4.13, 8.32 and 10.06 [24]. At the pH of maximum yield stress of 

the suspensions with 0.05 and 0.1 dwb% DTPA, the predominant species are tri-ionic 

accounting for 60 to 70%. The remainders are the quaternary ionic species. The 

conformational structure of tri-ionic DTPA obtained from (CambridgeSoft) molecular 

modelling subjected to MM2 energy minimization is shown in Figure 6.6. The effect of 

water solvent was not taken account in the modelling. If two of the negatively charged 

carboxylate groups adsorbed onto the positively particle surface, there will still be 

another three free carboxylic acid groups, one charged and two uncharged, available to 

form intramolecular hydrogen bonding.  
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Figure 6.5: DTPA species distribution chart. 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Spatial conformational structure of tri-ionic obtained by MM2 molecular 

modelling. Dotted-line denotes the intramolecular hydrogen bonding. For simplicity, 

non-polar hydrogen atoms are omitted. 
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According to Figure 6.6, an intramolecular hydrogen bonding was formed between the 

two free uncharged carboxylic acid groups. Previous study in Chapter 4 and others have 

shown that intramolecular hydrogen bonding is an essential molecular attribute for any 

additive to perform as an effective steric agent [12, 25]. The large reduction in the 

maximum yield stress at 0.05 and 0.1 dwb% DTPA is a reflection of that performance. 

The decrease in the yield stress to zero on the low pH side of the maximum is due to the 

particles with the adsorbed DTPA acquired sufficient positive surface charges to repel 

each other. Note that at these low DTPA concentrations, the surface coverage is not too 

high and much of the surface groups of the alumina particles are directly exposed to the 

solution condition and can therefore acquire positively charged proton. 

 

No evidence of strong particle bridging interactions was observed at all DTPA 

concentration. Strong bridging will increase the maximum yield stress of the suspension 

by several folds [10, 11]. Here all the maximum yield stresses were less than that with 

no added DTPA. However there was evidence of weak particle bridging interaction 

occurring in the low pH region, pH < 5, at high DTPA concentrations of 0.2, 0.4 and 0.8 

dwb%.  In this region, the yield stress either increased or remained the same in value as 

the maximum yield stress. 

 

According to the species diagram in Figure 6.5, the composition of the DTPA species at 

pH 4.5 is 50% doubly negative charged and 50% triply charged species. At this pH the 

yield stress began to rise again for the highest DTPA concentrations of 0.4 and 0.8 

dwb%. The rise is more pronounced for the 0.8 dwb% DTPA suspension. As the pH is 

further decreased, more of the lower charged and uncharged species are formed. For 

example at pH 2, there is no triply charged species, 10% were doubly charged, 15% 

were mono-charged and 40% were neutral species. At this low pH level, positively 
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charged species were also formed. The mono-positive charge species account for 20%. 

So at low pH the predominant species, low charged and neutral species, are likely to 

interact via the –COOH group to form intermolecular hydrogen bonds. If these bonds 

are formed between the absorbed additives at the closest point of interaction between 

the particles in the flocculated network then this will lead to an increase in the strength 

of the network as reflected by the raising yield stress at low pH [15]. Even an 

unchanging yield stress is a reflection of an additional weak attractive force being 

present.   

 

DTPA is a relatively large molecule. The projection of the adsorbed layer, i.e. the 

thickness, is dependent upon the adsorbed configuration. It is possible from the trend of 

the variation of the maximum yield stress with additive concentration for a suitable 

family of additives to deduce the spatial projection of the adsorbed additives whether 

they adsorbed lying flat or sticking up at the end. So, the result for  DTPA in this study 

was compared to that published results for EDTA and NTA (from Chapter 5) [14]. In 

terms of molecular structure, DTPA, EDTA and NTA additives have very close 

similarities. In each, two or three acetic acid groups are attached to an amine group. 

Compared to DTPA, EDTA has one less acetic and amine groups while NTA has two 

less of each. It appeared that the extent of pHζ=0 shift is larger for that with the most 

number of acetic and/or amino groups. For example at 0.8 dwb% additive, the pHζ=0 of 

DTPA is 4 (see Figure 6.3) while EDTA and NTA is 4.8 and 6.6 [14], respectively.  

 

Figure 6.7 shows the variation of the maximum yield stress with additive concentration 

in gram per 100 g particle, dwb%. The insert shows the same result in moles per 100 g 

particle. The maximum yield stress is however plotted up to 0.4 dwb% additive 

concentration only where the surface coverage at the pH of maximum yield stress is 
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~100%. At this concentration and assuming 100% adsorption, the surface coverage is 

quite similar ranging from 92 to 130 Ǻ
2
 per carboxylic group only. Note that their 

molecular weights vary significantly; 191.1 for NTA, 292.2 for EDTA and 393.3 for 

DTPA. The interesting feature of the plot is that the maximum yield stress approached 

the same plateau value at high additive concentration. This suggests that the 3-side 

chain NTA, 4-side chain EDTA and 5-side chain DPTA adsorbed lying flat on the 

particle surface so as to give the same projection in steric layer thickness. Note that 

intermolecular hydrogen bonding effect on the yield stress is relatively small compared 

to the van der Waals force at the maximum yield stress. 

 

 

Figure 6.7: The maximum yield stress of 55 wt% -Al2O3 suspension-amount of 

additive behaviour under the influence of adsorbed DTPA, EDTA and NTA additives. 

The lines are drawn as a guide to the eye. 

 



Chapter 6 136 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a
) 

(b
) 

- 
  

  
  
  

  
  
  

  
  

  
  

  
  
 

P
a

rt
ic

le
 s

u
rf

a
c

e
 (
+

) 

I 

I 

I 

I 

I 

I 

I 

I 

(c
) 

F
ig

u
re

 6
.8

: 
S

p
at

ia
l 

co
n
fo

rm
at

io
n
al

 s
tr

u
ct

u
re

 o
f 

(a
) 

tr
i-

io
n
ic

 D
T

P
A

, 
(b

) 
tr

i-
io

n
ic

 E
D

T
A

 a
n
d
 (

c)
 d

i-
io

n
ic

 N
T

A
 o

b
ta

in
ed

 b
y
 M

M
2
 

m
o
le

cu
la

r 
m

o
d
el

li
n
g
. 

D
o
tt

ed
-l

in
e 

d
en

o
te

s 
th

e 
in

tr
am

o
le

cu
la

r 
h
y
d
ro

g
en

 b
o
n
d
in

g
. 

F
o
r 

si
m

p
li

ci
ty

, 
n
o
n

-p
o
la

r 
h
y
d
ro

g
en

 a
to

m
s 

ar
e 

o
m

it
te

d
. 

 

 



Chapter 6 137 

 

Based on the yield stress, surface coverage and MM2 modeling results, the following 

configurations of these molecules in the adsorbed state is proposed as shown in Figure 

6.8. The larger and more branch DTPA and EDTA molecules must be adsorbed lying 

on its side while the smaller “three-legged” NTA molecule is adsorbed on one or two 

legs to get the same thickness. The “lying flat configuration” may also be the reason for 

why the free charged carboxylate group is unable to bridge another particle effectively. 

The lying configuration of DTPA molecule has also been suggested by Lin et al. (1971) 

through nuclear magnetic resonance study [26]. This reinforced our earlier findings of 

why DTPA not feasible for bridging interaction. 

 

Previous studies have found that backbone rigidity of adsorbed additives is one of the 

most important molecular attributes affecting surface forces in dispersions [11, 12]. So, 

the configuration and rigidity of the EDTA and DTPA molecules were exploited by 

chelating it with metal ions. These additives were chelated with suitable metal ion such 

as Zn
2+

, Cu
2+

 and Fe
3+

. In this section of the study, spherical alumina (AO802) was 

employed.  The DTPA was chelated with Zn
2+

 and Cu
2+

 while the EDTA was chelated 

with Zn
2+

, Cu
2+

 and Fe
3+

. The structures of [ZnDTPA]
3-

, [CuDTPA]
3-

, [ZnEDTA]
2-

, 

[CuEDTA]
2-

 and [Fe(III)EDTA]
-
 are shown in Figure 6.9(a) and (b). The structural 

representations of the metal-DTPA complex ions were taken from Silva et al. [27]. They 

deduced the structure of the Zn-DTPA and Cd-DTPA complex ions via a combination 

of mass spectroscopy, infrared, 
13

C NMR and computational modeling techniques. The 

structures shown in Figures 6.9 that one molecule of DTPA or EDTA formed six 

ligands with each of the metal ions. The oxygen-metal ions ligand shown in the figure is 

actually a representation of the metal ions being bonded to a carboxylate group. It can 

be clearly seen that all these structures very rigid. With metal-DTPA complex ions there 

were four structures [27], the fourth structure is a mirror image of structure 3 shown in 
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Figure 6.9(a). The shape of structure 1 and 2 of metal-DTPA complex ions is 

approximately spherical with two side chains as clearly seen in in the figure. These 

structures differed only by the spatial location of the side chains each with a carboxylate 

group. Structure 3 has only one free carboxylate group but this group is located far from 

the spherical structure containing the metal and its ligands.  Structure 2 is very ideal for 

particle bridging as the two charged carboxylate groups are located directly opposite 

one another and on opposite end of a rigid core structure [10]. One of the carboxylate 

groups can adsorb on one particle and the other on a second particle like the fumaric 

acid [10]. Structure 1 is less ideal for particle bridging as the two free carboxylate 

groups are in such a position that both can adsorbed on the same particle like the maleic 

acid [10]. Structure 3 may not be able to participate in strong bridging as it has only one 

free charged group. Moreover this carboxylate group is located on the part of the 

complex ions that is quite flexible and this is not a good attribute for the good bridging 

agent [12]. 
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(a) Zn(II)DTPA or Cu(II)DTPA: 

 

 

 

 

 

 

 

  

 

 

 

(b) Zn(II)EDTA, Cu(II)EDTA and Fe(III)EDTA: 

 

 

 

 

 

 

 

 

 

Figure 6.9: Molecular structures and representations of metal ions chelates of (a) DTPA 

and (b) EDTA. 

 

 

An indication of the complex ion adsorption is the shift of the pH of zero zeta potential 

to a lower pH. The effect of 0.4 dwb% ZnDTPA on the zeta potential-pH behaviour of 

AO802 alumina suspension is shown in Figure 6.10. It shifted the pH=0 to a lower pH. 

The extent of the shift is almost the same as that of 0.4 dwb% DTPA. This implies that 
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the adsorbed chelating ion complex behaves similarly as the adsorbed 

aminopolycarboxylate, such as DTPA. 
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Figure 6.10: The zeta potential-pH behaviour of spherical alumina (AO802) dispersion 

in the presence of adsorbed DTPA and ZnDTPA. The lines are drawn as a guide to the 

eye. 

 

 

The investigation on the adsorbed chelating ion complexes was followed by comparing 

the effect on the yield stress behaviour of adsorbed DTPA and its complexes, at 

different pH on 55 wt% spherical alumina (AA0802) suspensions. According to Figure 

6.11(a), the suspension displayed a maximum yield stress of 110 Pa, located at pH 8.4. 

This value is in excellent agreement to the reported pI value of 8.6 for the same powder 

reported by Teh et al. [28]. Only one DTPA concentration was evaluated, i.e. 0.4 dwb% 

DTPA. Here the maximum yield stress was reduced to 80 Pa representing a 27% 

reduction. This stress is located at pH 6.8.    
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The effect of ZnDTPA on the yield stress-pH behaviour is shown in Figure 6.11(b). The 

rigid chemical structure of the ZnDTPA chelates is shown in the inset. At 0.1 dwb% 

ZnDTPA, the maximum yield stress was reduced by 38% to 68 Pa at pH 7.6. This 

additive is behaving as an effective steric agent. However at a high additive 

concentration of 0.4 dwb%, the maximum yield stress is located at pH ~2.5 with same 

magnitude as that with no added additive. The experiment was repeated with a fresh 

sample and a similar result was obtained as shown in the figure. Structure 1 and 3 in  

Figure 6.9 are less ideal for particle bridging as the two carboxylate groups are not 

located in ideal position. Structure 2 is ideal for particle bridging but this bridging 

interaction should be reflected by a strong increase in the maximum yield stress at low 

surface coverage [10, 11]. Instead, a substantial decrease was observed. It could be that 

Structure 1 and 3 are the more prevalent form of the complex ions. The increase in the 

yield stress at low pH at 0.4 dwb% ZnDTPA suggests the presence of bridging. 

However this bridging force is not as strong as that found with rigid dicarboxylic acid 

bolaform compounds [10, 11]. This suggests that the bridging force at high ZnDTPA 

concentration is due to intermolecular attractive forces such as hydrogen bonding. 

  

A similar yield stress results was observed with 0.4 dwb% CuDTPA concentration as 

shown in Figure 6.11(c). The structure of the CuDTPA chelates would be the same as 

that for ZnDTPA. However, at low CuDTPA concentrations of 0.1 and 0.2 dwb%, the 

reduction in the maximum yield stress are much less significant or smaller, ~5 and 

~20%, showing the presence of some form of weak bridging occurring. It is possible the 

weak bridging interactions could be present in 0.1 and 0.2 dwb% ZnDTPA.  

 

The structures of the EDTA chelated with Zn
2+

, Cu
2+

 and Fe
3+

 ions are almost identical 

particularly in the shape as seen in Figure 6.9 but are very different to that of DTPA. 
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They are approximately spherical in shape. There is no free charged carboxylates in the 

EDTA chelates. So, strong particle bridging interaction is unlikely to occur with these 

chelates complex ions.  If bridging is present it will be due to weak intermolecular 

attractive forces. The effects of these metal ions EDTA chelates at 0.4wb% on the yield 

stress are shown in Figure 6.11(d), (e) and (f) for [ZnEDTA]
2-

, [CuEDTA]
2-

 and 

[Fe(III)EDTA]
-
, respectively. Included in each figure is an inset showing the molecular 

structure of each of these ions. As expected, all three additives impart strong steric 

effects on the interparticle forces. The trend of an increasing yield stress at low pH was 

not observed. However, the decrease in the maximum yield stress by 0.4 dwb% 

[Fe(III)EDTA]
-  

is less than 25%. The chelate has only a net negative charge and so it is 

expected that this ions not be readily or strong bound to the positively charged alumina 

particle surface at low pH. In contrast, the decrease in the maximum yield stress by both 

[ZnEDTA]
2-

and [CuEDTA]
2-

 at the same concentration is about 50%. The doubly 

charged complex ions will form a stronger adsorption bond with the alumina particle 

surface. In summary, the surface forces arising from these chelated complex metal ions 

can be inferred from its molecular structure and configuration, and was confirmed by 

the anticipated yield stress results.  

 

To ensure that the yield stress is not marred by precipitate bridging, a series of stability 

or solubility test for the complex chelate ions was conducted. The images of chelating 

complex ions in the low pH region are shown in Figure 6.12(a)-(e). Solutions of 0.4 

dwb% (g additive/100 g alumina) of DTPA, ZnDTPA, CuDTPA, ZnEDTA and 

CuEDTA were prepared and tested for its solubility. A clear solution indicates complete 

solubility. All solutions shown in Figure 6.12 are clear.  
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Figure 6.11: The yield stress-pH behaviour of spherical Al2O3 (AO802) dispersion 

under the influence of adsorbed (a) DTPA, (b) ZnDTPA, (c) CuDTPA, (d) ZnEDTA, 

(e) CuEDTA and (f) Fe(III)EDTA. The lines are drawn as a guide to the eye. 
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(a)  

(b)  

(c)   

(d)  

(e)   

Figure 6.12: The effect of pH on the turbidity or solubility at 0.4 dwb% concentration 

(without the -Al2O3 particles added) of (a) DTPA, (b) ZnDTPA, (c) CuDTPA, (d) 

ZnEDTA and (e) CuEDTA. 

   pH 2.58     pH 2.63    pH 2.74      pH 3.51  

 pH 2.30     pH 2.56        pH 2.63         pH 2.96 

pH 2.36       pH 2.42            pH 2.45      pH 2.75 

      pH 2.17   pH 2.40   pH 2.85   pH 3.49 

   pH 2.23    pH 2.55   pH 2.66   pH 3.00 
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6.4 Conclusion  

 

Soluble DTPA additive significantly reduced the maximum yield stress of -Al2O3 

suspensions with 0.8 dwb% additive concentration caused the most reduction. DTPA is 

therefore an effective steric agent. DTPA is having “lying flat configuration” on the 

particle surface thus unfeasible for bridging. When compared to its lower Mw 

counterparts, longer chain length and higher degree of branching of DTPA properties 

have no effect on DTPA being an effective steric agent. Comparison between DTPA 

and EDTA in their metal ions chelates form displayed clearer results in terms of 

molecular rigidity and configuration. CuDTPA and ZnDTPA possessed free carboxylate 

groups that can form intermolecular hydrogen bonds at high surface coverage and low 

pH leading to an increase in the maximum yield stress. However CuEDTA, ZnEDTA 

and FeEDTA do not possess these free carboxylate groups in its structure and so they 

can only function as a steric agent. This was reflected by the yield stress results showing 

a no rising trend in the stress at low pH. 
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7.0 CONFORMATIONAL STRUCTURE-SURFACE FORCE CORRELATION 

OF BENZOIC ACID COMPOUNDS IN -Al2O3 DISPERSIONS: ADDITIONAL 

ATTRACTIVE FORCES OF PARTICLE BRIDGING AND PRECIPITATE 

BRIDGING  

 

This chapter is refereed and published in the Colloids and Surfaces A: Physicochemical 

and Engineering Aspects 402 (2012)159-167. 

 

The published ‘Materials and Methods’ section is abridged as in Section 7.2 in this 

chapter. Section 7.2 is explained in-detail in Chapter 3.0 General Material, 

Experimental Methods and Key Experimental Parameters of this thesis. 

  

7.1 Introduction 

 

This chapter illustrates a continuing effort directed towards gaining an in-depth 

understanding of the relationship between adsorbed additive molecular properties and 

the nature of surface forces operating in suspensions with small adsorbed molecules. 

These small molecules have very well-defined conformational structures therefore 

essential for the model system in the study as they could provide direct correlation with 

the generated surface forces and also easier to understand. Previous studies of other 

types of small adsorbed molecule have been conducted such as by Chandramalar et al. 

[1], Khoo et al. [2], Leong [3-7] and Teh et al. [8]. 

 

As in the previous studies of this thesis (Chapter 4 to 6), along with other several 

studies, the molecular properties parameters evaluated include backbone rigidity 

imparted by double bond and aromatic ring structure, and type, number and spatial 
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position of functional groups [4-6, 8-10]. Chandramalar et al. [1] and Leong [3, 4] 

reported that backbone rigidity and the spatial positioning of the charged functional 

groups are crucial molecular attributes for effective particle bridging function for a 

given additive. However, findings from the previous works (Chapter 5 and 6) [9, 10] 

and by others [6] revealed that this strong particle bridging function can be mediated by 

the presence of intra-molecular hydrogen bonding. At high surface coverage, 

intermolecular hydrogen bonding between the functional groups in the adsorbed layers 

of the interacting particles can led to particle-particle bridging interaction. The 

interaction however was quite weak. 

 

Teh et al. [8] have directed their effort to relating surface forces in dispersion with 

benzene dicarboxylic acid compound additives that included terephthalic, phthalic and 

isophthalic acids. Here, the surface forces were indirectly characterized by the yield 

stress of the dispersions. Very different yield stress results were observed with these 

additives. It was found that terephthalic acid produced a very large increase in the 

strength of the attractive interaction at low pH of less than 4. It increased the maximum 

yield stress by about 7-folds. Terephthalic acid has an ideal structure for particle 

bridging. Its two carboxylic acid groups are located directly across the benzene ring. 

However at low pH, terephthalic acid becomes less soluble. So, it was believed that 

insoluble precipitates could play a role in particle-particle bridging thereby increasing 

the yield stress of the suspension. In this study, the used of benzene compounds with 

one carboxylic acid group and one or more hydroxyl groups is proposed. Through this 

study, it is hope that a better understanding of factors responsible for the terephthalic 

acid being such an effective bridging agent could be discovered. 
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7.2 Materials and Methods  

 

The adsorbed small additives used were salicylic (or 2-hydroxybenzoic), 3-

hydroxybenzoic, 4-hydroxybenzoic, 3,4-dihydroxybenzoic and 2,3,4-trihydroxybenzoic 

acids. All the additives were purchased from Sigma-Aldrich. Table 7.1 [11] shows the 

pKa1 and molecular structure of the additives with each comprises very rigid backbone 

of benzene ring and one, two or three hydroxyl functional groups positioned at different 

location on a benzoic acid molecule. The pKa of the phenolic hydroxyl group is much 

higher for 2-hydroxybenzoic acid, 13.4 compared to 9.3 for the 4-hydroxybenzoic acid. 

In contrast, the pKa of the carboxylic acid group of the 2-hydroxybenzoic acid is much 

lower, ~2.9 compared to 4.5 for the 4-hydroxybenzoic acid. The close proximity of the 

phenolic hydroxyl group in 2-hydroxybenzoic acid is responsible for increasing the acid 

strength of the carboxylic group. Distilled water was used in all cases.  

 

Experimental methods (adsorption, solubility, zeta potential and yield stress at different 

pH) were conducted as explained in Chapter 3. The additives were evaluated at 0.05, 

0.1, 0.2, 0.4 and 0.8 dwb% (g additive per 100 g alumina) concentration. Molecular 

modelling of CambridgeSoft ChemOffice software was employed to provide insight 

into specific point of interaction on molecular structure and to reflect the zeta potential 

and yield stress behaviours.    
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Table 1: pKa1 values of benzoic acid molecules with one, two or three hydroxyl groups. 

Additive pKa1
a 
 Structure 

Salicylic acid 2.81                              
 

OH

O OH  

3-hydroxybenzoic acid 3.96 

O OH

OH

 

4-hydroxybenzoic acid 4.36 

O OH

OH

 

3,4-dihydroxybenzoic acid 4.32 

O OH

OH

OH

 

2,3,4-trihydroxybenzoic acid 3.20 

O OH

OH

OH

OH

 

a
 from Hidber et al. [11] 
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7.3 Results and Discussion 

 

The adsorption behaviour of salicylic (2-hydroxybenzoic), 3-hydroxybenzoic, 4-

hydroxybenzoic, 3,4-dihydroxybenzoic and 2,3,4-trihydroxybenzoic acids on -Al2O3 

(alumina) particles determined as a function of pH is shown in Figure 7.1. For all 

additives, the amount adsorbed is low at high pH. For example at pH 10, the amount 

adsorbed is 32% or less for benzoic acid compounds with one and two hydroxyl groups 

and even zero percent for benzoic acid compound with three hydroxyl groups. At this 

pH, both the additives and alumina particles are negatively charged. Then, the amount 

adsorbed increases quite sharply with decreasing pH until pH 4. The maximum amount 

adsorbed is 85% for salicylic acid, 68% for 3-hydroxybenzoic acid, 76% for 4-

hydroxybenzoic acid, 58% for 3,4-dihydroxybenzoic acid and 62% for 2,3,4-

trihydroxybenzoic acids at pH slightly lower than 4. Note that additive insolubility may 

contribute to a higher amount adsorbed at low pH [9]. 

 

Figure 7.1: The effect of pH on the adsorption behaviour of mono-, di- and tri- 

hydroxybenzoic acids on 20 wt% -Al2O3 suspension containing 0.4 dwb% additives. 

The lines are drawn as a guide to the eye. 
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The solubility of the additives in solution was determined as a function of pH. 

Insolubility will turn the clear solution turbid leading to a sharp increase in the NTU 

unit. Figures 7.2, 7.3 and 7.4 show the turbidity in NTU unit of all the additives (a) and 

the corresponding images of solubility (b). At high additive concentration of 0.4 dwb%, 

the onset precipitation occurred at pH 3.10 for salicylic acid and pH 2.65 for 2,3,4-

trihydroxybenzoic acid. Three other additives; 3-hydroxybenzoic, 4-hydroxybenzoic 

and 3,4-dihydroxybenzoic acids displayed low NTU value at pH as low as 2. The NTU 

value is about 50 which is much higher than 0.2 for deionised water.  

 

The solubility of 2-, 3- and 4-hydroxybenzoic acids in 100 g H2O at temperature of 

25
o
C is actually quite low; 0.25 g for 2-hydroxybenzoic acid, 1.054 g for 3-

hydroxybenzoic acid and 0.68 g for 4-hydroxybenzoic acid. The natural pH of these 

solutions is ~3. At its natural pH, salicylic acid is not completely soluble as the additive 

concentration of 0.4 dwb% equate to 0.49 g per 100 g H2O which exceeded the 

solubility concentration of 0.25 g per 100 g H2O. The 3- and 4-hydroxybenzoic acids 

remained completely soluble at its natural pH. In salt form, the solubility of these 

compounds increased very sharply and the pH of the solution is usually in the alkaline 

region. It ranged from > 50 g per 100 g H2O for the sodium salt of 2- and 3-

hydroxybenzoic acids to > 30 g per 100 g H2O for the sodium salt of 4-hydroxybenzoic 

acid [12]. Therefore, the solubility of these hydroxybenzoic compounds is expected to 

increase with pH as the degree of neutralization increases or the fraction of salt formed 

increases. The benzoic acid compounds with more than one hydroxyl group are 

generally more soluble at its natural pH. The 3,4-dihydroxybenzoic acid has a solubility 

at its natural pH of 3.8 of 1.8 g per 100 g H2O at 14
o
C [13].  
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Precipitation shown in the corresponding image was observed to occur at pH 2.91 for 

salicylic acid (Figure 7.2b) and 2.63 for 2,3,4-trihydroxybenzoic acid (Figure 7.4b) 

which  has a natural solution pH of 3.2. These results are consistent with the turbidity 

results reported in Figures 2(a) and 4(a). In summary, salicylic acid is the least soluble 

followed by 2,3,4-trihydroxybenzoic acid at low pH based on the pH of precipitation. In 

solution form and at high pH, 2,3,4-trihydroxybenzoic acid could be regarded as very 

hydrophilic.  

(a)  

 

 

 

 

(b) 

 

Figure 7.2: The effect of pH on the turbidity or solubility of salicylic acid in water (a) at 

0.4 dwb% concentration (b) images of solubility of additive (without the presence of -

Al2O3 particles). 
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(a)  

(b) 

 

 

 

Figure 7.3: The effect of pH on the turbidity or solubility of 3-hydroxybenzoic, 4-

hydroxybenzoic and 3,4-dihydroxybenzoic acids in water (a) at 0.4 dwb% concentration 

(b) images of solubility of additive (without the presence of -Al2O3 particles). 
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(a)    

 

(b)   

Figure 7.4: The effect of pH on turbidity or solubility of 2,3,4-trihydroxybenzoic acid in 

water (a) at 0.4 dwb% concentration (b) images of solubility of additive (without the 

presence of -Al2O3 particles). 
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the magnitude of the zeta potential [2, 4-6, 8-10]. The point of zero charge (pI) of this 

-Al2O3 dispersion is at pH ~9 which is a typical value for this oxide [14, 16]. At the 

maximum additive concentration of 0.8 dwb%, its solution concentration is only 0.04 g 

per 100 g H2O. Thus, all additives will be completely soluble at pH down to 3.  

 

For the monohydroxybenzoic acids, the pH of zero zeta potential (pH=0) of the alumina 

dispersions is barely shifted from its initial position irrespective to the additive 

concentrations in particular for 3- and 4-hydroxybenzoic acids. There is a small shift 

however with salicylic acid. This result is shown in Figure 7.5(a), (b) and (c) for 2-, 3- 

and 4-hydroxybenzoic acids, respectively. The magnitude of the zeta potential is 

slightly decreased in the pH region between pH 3 and 7 for 3- and 4-hydroxybenzoic 

acids. The decrease however is slightly larger for 2-hydroxybenzoic acid occurring over 

a wider pH range of between 9 and 3. Having pH=0 very close to the pI is an indication 

of insignificant additive adsorption at that pH. Also, the small decrease in the positive 

zeta potential in the low pH region is another indication of low additive adsorption in 

particular for the 3- and 4-hydroxybenzoic acids. However, according to the adsorption 

data in Figure 7.1, the amount adsorbed at this pH was 48% for salicylic acid, 14% for 

3-hydroxybenzoic acid and 16% for 4-hydroxybenzoic acid. It is believed that the 

insignificant change of pH=0 is to be due to the monohydroxybenzoic acid being 

relatively more hydrophobic in nature. Leong [4] and Bertazzo and Rezwan [16] have 

observed small change in the pH=0 with relatively more hydrophobic additives such as 

those with two carboxylic acid group separated by hydrocarbon chain containing more 

than three carbons.  

 

Tian and Shen [17] found that hydrophobic material/water interfaces were more likely 

to be negatively charged due to adsorption of OH
-
 or Cl

-
 even at quite acidic pH. This 
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may explain the pI of terephthalic and isophthalic acid precipitates located at pH ~3 [8]. 

Both precipitates caused an increase in the maximum yield stress of -Al2O3 

suspensions but the increase is particularly large for terephthalic acid precipitate. None 

of these additives, terephthalic and isophthalic acid, in solution caused an appreciated 

shift in the pH of zero zeta potential of the -Al2O3 dispersions.  

 

Upon closer inspection for pH between 4 and 6, the generally greater reduction in the 

zeta potential by salicylic acid at any given additive concentration shown Figure 7.5(a), 

indicates a higher degree of adsorption or more positive charged sites neutralization (on 

the alumina surfaces) compared to 3-hydroxybenzoic (Figure 7.5b) and 4-

hydroxybenzoic acids (Figure 7.5c). This result appeared to correlate with the acid 

strength of the compound carboxylic acid group. In Table 7.1 the pKa for salicylic acid 

is 2.8 while that for the 3- and 4- hydroxybenzoic acids are much higher, 3.96 and 4.36 

respectively. The results in Figure 7.5(b) and (c) did show that the amount of zeta 

potential reduction is slightly greater for 3-hydroxybenzonic acid than 4-

hydroxybenzoic acid. Salicylic acid is a much stronger acid and will be almost fully 

charged a pH 4. Intra-molecular hydrogen bond between carboxylate and –OH group 

may reduce the strength of the negative charge to a degree. However, salicylic acid still 

adsorb to greater extent than the other two acids. For 3-hydroxybenzoic acid, only 50% 

of the total molecules are charged at pH 4 and for 4-hydroxybenzoic acid it is much less 

than 50%. The conformational molecular structures of these molecules in the adsorbed 

state are shown in Figure 7.6(a)-(c). This adsorption mechanism of salicylic acid 

molecule with two points of contact with the particle surface was proposed by Hidber et 

al. [11] who studied its adsorption behaviour and by Yost et al. [18] and Tejedor-

Tejedor et al. [19] using IR-spectroscopy method. 
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Figure 7.5: The zeta potential versus pH for -Al2O3slurries with adsorbed additive 

from 0 to 0.8 dwb % of (a) salicylic (b) 3-hydroxybenzoic (c) 4-hydroxybenzoic (d) 3,4-

dihydroxybenzoic (e) 2,3,4-trihydroxybenzoic acids in water. 
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Figure 7.6: Conformational molecular structure of (a) salicylic acid (b) 3-

hydroxybenzoic acid (c) 4-hydroxybenzoic acid (d) 3,4-dihydroxybenzoic acid (e) 

2,3,4-trihydroxybenzoic acid obtained by MM2 molecular modelling. Dotted lines 

denote the intramolecular hydrogen bonding. 
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In summary, the adsorption and zeta potential data for monohydroxybenzoic acids did 

not produce a consistent picture. Zeta potential data showed insignificant adsorption 

even at low pH while adsorption data showed the converse. For additive such as maleate 

that did not shift the pH of zero zeta potential of -Al2O3 suspensions as much, Johnson 

et al. [20] attributed it to outer-sphere adsorption. Noren and Persson [21] via an ATR-

FTIR study of the complexes formed by monocarboxylate compounds such as acetate 

and benzoate at the goethite/water interface found no evidence of no inner-sphere 

complex formed, i.e. direct coordination between carboxylic oxygens and Fe(III) ions at 

the surface. They however defined outer sphere interaction to include electrostatic 

attraction between –OH2
+
 surface group and the carboxylate group. This outer-sphere 

interaction was found to occur at acidic pH. At neutral pH, the interaction is mediated 

by a water layer. The degree of hydrophobicity of the additives may be another factor, 

as the indifferent zeta potential-pH behaviour is commonly observed with small 

dicarboxylic acid additives that is less hydrophilic (especially those with carboxylic 

groups too far apart to form hydrogen bond) [4, 7] and yet they produced a very large 

effect on the yield stress at low pH [4, 7, 8]. The application of a high frequency 

alternating electric field in the ZetaProbe to determine the zeta potential may have the 

effect of dislodging weakly adsorbed additives. This factor has not been considered in 

this study.   

 

In the presence of 3,4-dihydroxybenzoic and 2,3,4-trihydroxybenzoic acids, the zeta 

potential-pH curve is shifted significantly to a lower pH and the degree of shift 

increases with additive concentration as shown in Figure 7.5(d) and (e). These 

compounds should be more hydrophilic because of higher number of phenolic hydroxyl 

groups. However, the acid strength of the carboxylic acid group is not much stronger. 

For 3,4-dihydroxybenzoic acid, the pKa is 4.32. The two phenolic hydroxyl groups have 
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a pKa of 8.83 and 11.7, respectively. The acid strength of the carboxylic acid group of 

the 2,3,4-trihydroxybenzoic acid is much stronger with a pKa of 3.2 (however this is 

still weaker than that of salicylic acid). Only two of the three phenolic hydroxyl group 

pKa’s are known, 8.7 and 12.3. The solubility at its natural pH of these compounds is 

also slightly higher. The pronounced shift of the zeta potential-pH curve is generally 

observed with very hydrophilic anionic additives such as oxalic acid [4, 20], phosphoric 

acid [2], citric acid [2, 6] and cis- and trans- aconitic acids, propane-1,2,3-tricarboxylic 

acid [6].  

 

The reduction in the zeta potential at pH ~3 by 2,3,4-trihydroxybenzoic acid is more 

pronounced than 3,4-dihydroxybenzoic acid. This is most likely due to its stronger 

acidic strength of the carboxylic acid group. The 3,4-dihydroxybenzoic acid in solution 

is virtually not charged at pH 3. However, the dependence of the pH=0 on additive 

concentration (in dwb% or g/100 g alumina) is quite similar for both additives.  

 

Surface forces have a direct effect on the yield stress of suspension. The yield stress can 

therefore be used to monitor the action of these forces. The yield stress-pH behaviour of 

55 wt% -Al2O3 dispersion in the presence of these hydroxybenzoic acid compounds is 

shown in Figure 7.7(a)-(e). In the absence of adsorbed additive, the alumina dispersion 

has a maximum yield stress of 310 Pa. At low additive concentration of ≤ 0.2 dwb%, 

the maximum yield stress (for all additives) was decreased very significantly.  

 

Figure 7.7(a) shows that salicylic acid reduced the maximum yield stress sharply by as 

much as 71% at concentration of 0.2 dwb%. The maximum yield stress is apparently 

located at pH=0 condition. At the pH of maximum yield stress of 8 for 0.05, 0.1 and 0.2 

dwb% salicylic acid, the amount adsorbed was a 100% based on the adsorption data in 
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Figure 7.1 for 0.4 dwb% additive. From Figure 7.1, the amount adsorbed at pH 8 is 57% 

and with the carbon mass content of salicylic acid being 60.9%, the amount adsorbed in 

carbon was calculated to be 0.139 g Carbon per 100 g -Al2O3. This value is much 

higher than the one required for 100% adsorption for 0.05, 0.1 and 0.2 dwb% additives. 

This gives a surface coverage of 473, 240, 120 Å
2
/molecule, respectively.  
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Figure 7.7: The yield stress versus pH for -Al2O3slurries with adsorbed additive from 

0 to 0.8 dwb % of (a) salicylic (b) 3-hydroxybenzoic (c) 4-hydroxybenzoic (d) 3,4-

dihydroxybenzoic (e) 2,3,4-trihydroxybenzoic acids. The lines are drawn as a guide to 

the eye. 
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At high salicylic acid concentrations of 0.4 and 0.8 dwb%, the maximum yield stress is 

much larger than that with no adsorbed additive added. Its location occurred at a very 

low pH (~3) where the salicylic acid is insoluble. The maximum yield stress is 480 Pa at 

0.4 dwb% and 750 Pa at 0.8 dwb% representing a 150 and 250% increase. Capillary 

(liquid-like precipitate) or precipitate bridging does increase the strength of the 

interparticle attractive forces in the flocculated network. This can be responsible for the 

large increase in the maximum yield stress. Note that not all additives that precipitate at 

low pH form interparticle bridging bond as revealed in the previous study in this thesis 

(Chapter 5) [9]. 

 

The broadening of the yield stress-pH curve by 3- and 4-hydroxybenzoic acids shown in 

Figure 7.7(b) and (c) suggests a strong ionic strength effect. If these acids are 

unadsorbed at pH > 9 in solution, the 4-hydroxybenzoic acid will be a doubly charged 

species (pKa: 4.36, 8.95) which even at low concentration can produce quite a large 

increase in the ionic strength. The slight reduction or increase in the maximum yield 

stress suggests very little of this acid is adsorbed. The same explanation also applies to 

3-hydroxybenzoic acid. Its high phenolic hydroxyl group pKa of 9.68 means 50% of the 

doubly charged species occurred at pH 9.7. The slight reduction in the maximum yield 

stress suggests a small amount of the additives adsorbed which is consistent with the 

adsorption data in Figure 7.1 at pH ~9. However, at lower pH where the amount 

adsorbed is much higher, the yield stress behaviour is not significantly affected. The 

higher degree of broadening at pH below 9 for all additives concentration suggests a 

degree of adsorption effect. But the maximum yield stress of 0.8 dwb% 4-

hydroxybenzoic acid is much larger than that with no additives at pH between 8 and 10 

suggests a bridging effect. The 4-hydroxybenzoic acid is doubly charged for 50% of the 

total molecules at pH 9. Using the adsorption data in Figure 7.1, the amount adsorbed at 
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pH 9 is 0.056 g/100 g -Al2O3 giving a surface coverage of 262 Å
2
/molecule. This 

surface coverage is very low which favoured particle bridging by the doubly charged 4-

hydroxybenzoic. Since the increase in the maximum yield stress is only 1.2 fold, the 

extent of particle bridging by this compound must be quite small.  

   

With 3-hydroxybenzoic acid and at high additive concentrations of 0.4 and 0.8 dwb%, 

the yield stress-pH curve plateaued in the low pH region. At 0.4 dwb% the yield stress 

flattens out from pH 7.2 downwards with a yield stress value of 115 Pa. At 0.8 dwb%, 

yield stress rose to a higher plateau value of 230 Pa located at pH 5. In contrast to 4-

hydroxybenzoic acid, this maximum yield stress is much smaller. It is 39% less than 

that with no added additives. From the molecular structures of monohydroxybenzoic 

acids shown in Figure 7.6(a)-(c), none of them is capable of bridging at all pH except 

for 4-hydroxybenzoic acid at pH > 9.   

 

In contrast to the monohydroxybenzoic acid, the di- and tri-hydroxybenzoic acids 

produced a much more pronounced shift in the yield stress-pH curve to a lower pH 

region as shown in Figure 7.7(d) and (e). This result mirrors that of the zeta potential-

pH results shown in Figure 7.5(d) and (e). With these hydrophilic additives, the 

maximum yield stress is significantly reduced. The reduction is much larger with 2,3,4-

trihydroxybenzoic acid. The molecular structure and intra-molecular hydrogen bonding 

of these additives (Figure 7.6d and e), and the acid strengths of the carboxylic and 

phenolic hydroxyl groups do not indicate particle bridging by these additives is possible 

at pH less than 9.  

 

It was also observed that the molecule with a higher number of hydroxyl groups 

produced a greater reduction in the maximum yield stress. Comparing 4-
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hydroxybenzoic, 3,4-dihydroxybenzoic and 2,3,4-trihydroxybenzoic acids at a fixed 

concentration of 0.1 dwb%, the reduction in the maximum yield stress is 16% for 4-

hydroxybenzoic acid, 29% for 3,4-dihydroxybenzoic acid and 77% for 2,3,4-

trihydroxybenzoic acid. These differences are also reflected by the difference in the 

additive adsorption ability. According to Figure 7.1, at the pH of maximum yield stress 

or zero zeta potential, the amount adsorbed is 24% for 4-hydroxybenzoic acid, 48% for 

3,4-dihydroxybenzoic acid and 58% for 2,3,4-trihydroxybenzoic acid. Hence, the 

adsorption ability also increases with the number of hydroxyl groups. 

 

The backbone of these hydroxybenzoic acids is benzene which is very rigid. Salicylic or 

2-hydroxybenzoic acid molecule even when fully charged is not physically capable of 

particle bridging because the –OH and –COOH groups are located next to one another. 

They are however close enough to form intra-molecular hydrogen bond. The large 

increase in the maximum yield stress at low pH and high additive concentration must be 

due to capillary or precipitate bridging forces. The 2,3,4-trihydroxybenzoic acid was 

observed to become less soluble at pH < 2.7 yet no large yield stress was observed at 

the low pH region. Despite its insolubility at low pH, this 2,3,4-trihydroxybenzoic acid 

produced zeta potential-pH and yield stress-pH behaviours that is typically displayed by 

very hydrophilic anionic additives. This compound must be more hydrophilic at 

moderate to high pH than the monohydroxybenzoic acid compounds.  

 

The very effective steric property of 3,4-dihydroxybenzoic and 2,3,4-trihydroxybenzoic 

acids cannot be attributed to the formation of intra-molecular hydrogen bonds between 

phenolic hydroxyl groups (see Figure 7.6d and e). These bonds did not play a role 

unlike dihydroxyfumaric acid [5], citric acid [6] and malic acid (Chapter 4) [10]. None 

of the phenolic hydroxyl groups is charged at pH 8 and below. So, even if intra-
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molecular hydrogen bonding is not present, strong bridging interaction is not possible 

with these phenolic hydroxyl groups.  

 

The molecular and conformational structures of 4-hydroxybenzoic acid must be very 

favourable in producing particle bridging interaction. This can be the reason for why the 

adsorption of 0.05 dwb% 4-hydroxybenzoic acid barely reduced the maximum yield 

stress indicating the bridging attractive force has nearly overcome the steric repulsive 

force. At 0.05 dwb% 4-hydroxybenzoic acid concentration, the amount adsorbed was 

calculated to be 100% at the pH of maximum yield stress, based on the adsorption data 

in Figure 7.1 for 0.4 dwb% additive. The pH of maximum yield stress is located at 8 for 

0.05 dwb% 4-hydroxybenzoic acid. At 100% adsorption, the amount of carbon 

adsorbed is 0.031 g per 100 g -Al2O3. From the data in Figure 7.1, the amount 

adsorbed at pH 8 is 24% and with the carbon mass content of 60.9%, the amount 

adsorbed was calculated to be 0.058 g Carbon per 100 g -Al2O3. This value is much 

higher than the one required for 100% adsorption. At pH ~9, the phenolic hydroxyl 

group is negatively charged for 50% of the molecules. So, some degree of particle 

bridging is possible.  

 

At high additive concentrations, salicylic acid produced a large increase in maximum 

yield stress which was attributed to capillary or precipitate bridging. Capillary bridging 

occurred with liquid precipitate or “soft and gummy oily phase” [8]. SEM image shown 

in Figure 7.8 reveals that insoluble salicylic acid precipitate attached to the alumina 

particle is not liquid-like in nature. A small amount of insoluble precipitate with a mean 

diameter of ~6 m, bonded onto the particle surface with a positive-negative charge 

interaction [9]. Energy Dispersive X-Ray spectrum (EDS) of the salicylic acid insoluble 

precipitate in Figure 7.9 confirms the presence of aluminium and oxygen elements in 
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the precipitate. The location of the EDS analysis is near the precipitate-particle 

interface. The sample was coated with carbon for SEM imaging and hence no mention 

of carbon EDS was made to confirm that the precipitate is indeed salicylic acid. 

Precipitate bridging is a relatively new phenomenon that is still lack of understanding. 

This study has showed that not all precipitation of adsorbed additive leads to a large 

increase in the maximum yield stress.  

 

 

 

Figure 7.8: SEM image of 0.4 dwb% salicylic acid insoluble precipitate at pH 3. 

 

 

Figure 7.9: Energy Dispersive X-Ray spectrum of 0.4 dwb% salicylic acid insoluble 

precipitate at pH 3. 
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7.4 Conclusion 

 

Salicylic, 3-hydroxybenzoic, 4-hydroxybenzoic, 3,4-dihydroxybenzoic and 2,3,4-

trihydroxybenzoic acids additives were found to perform very effectively as a steric 

agent at low additive concentrations. Salicylic, 3-hydroxybenzoic and 4-hydroxybenzoic 

compounds did not shift the pH of zero zeta potentials. A possible explanation is outer-

sphere adsorption for these monocarboxylate additives. The relative hydrophobic nature 

of these additives may also be a factor. At high additive concentrations and low pH, 

salicylic acid became insoluble and caused a 2.5-fold increase in the maximum yield 

stress which was attributed to precipitate bridging. The phenolic hydroxyl group in 

these compounds is not charged in the pH region of interest due to its high pKa value. 

The 1.2-fold increase in the maximum yield stress at pH ~9 by 4-hydroxybenzoic acid is 

due to particle bridging as both the –OH and COOH groups are charged at this pH 

region. The location of these two groups on the benzene ring is ideal for particle 

bridging.    

 

The additives, 3,4-dihydroxybenzoic and 2,3,4-trihydroxybenzoic acids, displayed 

behaviour very typical of very hydrophilic anionic additives such as citric acid.  It shifts 

the zeta potential-pH and yield stress-pH curves to a lower pH and the extent of the shift 

increases with additive concentration. 2,3,4-trihydroxybenzoic acid however becomes 

less soluble at low pH. According to the MM2 molecular modelling, intra-molecular 

hydrogen bond was found to form between the adjacent –OH groups. 3,4-

dihydroxybenzoic has one while 2,3,4-trihydroxybenzoic acid has two such bonds. The 

high pKa value of the phenolic –OH groups in particular the one located directly 

opposite the –COOH group in C4 position rendered these compounds incapable of 

producing strong bridging interactions between particles.  
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8.0 SURFACE FORCE ARISING FROM ADSORBED GRAPHENE OXIDE IN 

ALUMINA SUSPENSIONS WITH DIFFERENT SHAPE AND SIZE 

 

This chapter is refereed and published in American Institute of Chemical Engineers 

journal (In Press, DOI: 10.1002/aic14133).  

 

The published ‘Materials and Methods’ section is abridged as in Section 8.2 in this 

chapter. Section 8.2 is explained in-detail in Chapter 3.0 General Material, 

Experimental Methods and Key Experimental Parameters of this thesis.    

 

8.1 Introduction 

 

The use of yield stress parameter to characterize the interparticle forces in suspension 

has revealed fundamental understandings on the relationship between inter- and intra- 

molecular forces and the molecular structure of adsorbed additives. This is because 

these molecular forces affect differently the strength of attraction between particles in 

3D flocculated network. In the effort of focusing on understanding the relationship 

between molecular properties of adsorbed additives such as structure, architecture, 

functional group types, location and quantity, and the nature and strength of the surface 

forces in suspensions, this study is extending the interparticle forces arising from 

“large” flat molecules with edge-located charged functional groups, i.e. graphene oxide 

(GO), in suspensions of -Al2O3 (alumina) with different shaped particles; irregular, 

spherical and platelet.   

 

Graphene, a large single layer graphite molecule, has recently attracted considerable 

interest [1-4] due to its excellent conductive, thermal, adsorbent, structural and 
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mechanical properties [5-7]. Its potential applications are very wide ranging. It has been 

studied as resonator, solar cell, supercapacitor, battery, catalysts support, hydrogen 

storage and adsorbent, and composite materials [8-14]. GO is an oxidised formed of 

graphene while still retaining its sheet structure. GO is a continuous sheet of 

interlinking benzene rings with components of oxygenated functional groups located on 

the basal face and edge. GO is therefore relatively hydrophilic and will interact well 

with water. Studies revealed that functional groups such as polar carbonyl, hydroxyl and 

expoxide groups are present and located on the edges and basal plane of the GO sheet 

[15-17]. Some research groups believed that carboxylic acid groups are also present but 

are located only at the edges of the sheet [17]. Galande et al. [18] reported that due to 

the carboxylate group, there is a presence of high negative density at the edge of the GO 

sheet using computer modelled structure and fluorescence spectroscopy. These 

functional groups however interrupt the conjugation of sp
2
 network in the interlinked 

benzene rings segment [19] and hence GO is considered as a poor electric conductor 

[20]. The conductivity of GO is lower (6  10
-6

 Scm
-1

) than that of graphite (6.7  10
2
 

Scm
-1

) [21].  

 

Recently, electroresponsive of GO-based composite, for example GO/polyaniline 

(PANI) [21], GO/titania (TiO2) [22] and GO/polystyrene [23], showed that dispersed 

GO-based composites particles in silicone oil form chain-like structures under external 

electric field. Zhang et al. [23] reported the presence of a yield stress at the zero-shear 

rate limit for these suspensions under an applied electric field. This yield stress was 

found to vary linearly with the square of electrical field strength with a slope of 2. In 

this study, surface forces arising from adsorbed GO in aqueous alumina suspensions (no 

electric field is applied) at the pH of maximum yield stress and correlate these surface 

forces with the GO structure and morphology of the alumina particles is evaluated. 
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Usually the pH of maximum yield stress is located at the pH of zero zeta potential [24-

26]. At this point only the van der Waals attractive force is responsible for the strength 

of particle-particle attraction in the 3D network structure provided that no adsorbed 

additive is present [26]. Otherwise one or more of the non-DLVO forces such as steric, 

bridging and hydrogen bond, will also be present depending upon the molecular 

properties of the additives [24, 25, 27]. So, by evaluating the change in the maximum 

yield stress in suspension with GO-mediated particle interactions, the prevailing non-

DLVO forces operating can be deduced. The nature and strength of the surface forces 

interacting between particles control suspension properties and behaviour in the 

products and in processing such as in flow, mixing, sedimentation, flotation, 

aggregation and others. Hence, there is a continual search of additives with the ideal 

molecular properties to optimise suspension processing and behaviour and this report 

seeks to address. 

 

8.2 Materials and Methods 

 

GO powders were prepared via a modified Hummers [28] method from pristine graphite 

powders (flake, ~20 m, 100 mesh (≥75% min), Sigma-Aldrich). Graphite powders, 

reagent KMnO4 (Sigma-Aldrich) and reagent NaNO3 (Junsei Co., Japan) were added 

gradually to H2SO4 (98%, DC Chemical, Korea). The mixture was stirred vigorously for 

3 hours until graphite oxide was produced. The graphite oxide was treated with a 30% 

H2O2 solution until its colour turned into vivid brown which indicating fully oxidized 

graphite. The as-obtained graphite oxide slurry was exfoliated to generate GO sheets by 

sonication at 60
o
C, for 1 hour using an ultrasonic generator (28 kHz, 600 W, Kyungil 

Ultrasonic Co., Korea). Finally, the mixture was separated by centrifugation, washed 

copiously with 5% HCl and deionized water until it reached pH 7; and dried in a 
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vacuum oven at 60
o
C for 24 hours. According to Malvern Mastersizer equipment, the 

prepared GO has an equivalent spherical particle size of 27.85 m. The GO sheets are 

relatively hydrophilic. It was found that water molecules are strongly hydrogen bonded 

to the epoxide and hydroxyl groups on its basal plane [17].   

 

Three different shape of alumina powders were used; irregular, spherical and platelet. 

The irregular-shaped powder known as AKP30 was purchased from Sumitomo 

Chemical Company (Japan). The spherical powder AO802 was provided from 

Admatech (Japan) with a mean particle size specification of 0.7 m. The platelet 

powder known by its trade name of Alusion, was sourced from Advanced 

Nanotechnology Limited, now known as Antaria (Perth, Australia). This powder is 

commonly used in cosmetics as it produces a soft-focus optical effect [27]. The SEM 

images of these powders obtained via a Zeiss 1555 VP-FESEM scanning electron 

microscope are shown in Figure 8.1. Properties of these powders such as particle size 

distribution (d10, d50 and d90), BET surface area, density and isoelectric point are 

tabulated in Table 8.1. The median size, d50, of AKP30 and AO802 are submicron-

sized, i.e. 0.34 and 0.4 m respectively, while the platelet Alusion alumina is an order 

of magnitude larger. The Alusion particles are micron-sized like the GO, i.e. 9.43 m 

for the median size. At a given solids concentration, the particle concentration will be 

much larger for the finest particle suspensions. The isoelectric point of the three 

powders varied over a narrow pH range of 7 to 9 with the Alusion alumina suspension 

having the lowest value. With the submicron-sized AKP30 and AO802 powders, 

multiple particles adsorption on GO sheet is likely as in the case of SiO2 [20] and TiO2 

[22]. When the particle size is larger than the GO sheet, it is possible to have a few GO 

sheets adsorbed on a particle [23]. The size of Alusion platelet sheet is however slightly 

smaller than the GO sheet.   
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Experimental methods (zeta potential and yield stress at different pH) were conducted 

as explained in Chapter 3. The GO were evaluated at 0.5 and 1.0 dwb% (g additive per 

100 g alumina) concentration. 

 

 

 

 

Table 8.1 Particle size and other properties of alumina AKP30, AO802 and Alusion 

used in this study. 

 Alumina–AKP30 Alumina–AO802 Alumina–Alusion 

d10 0.13 m 0.15 m 4.78 m 

d50 0.34 m 0.40 m 9.43 m 

d90 2.96 m 1.26 m 15.43 m 

BET surface area 6.4 m
2
 g

-1
 4.9 m

2
 g

-1
 1.8 m

2
 g

-1
 

average particle density 3920 kgm
-3

 3650 kgm
-3

 3970 kgm
-3

 

isoelectric point (pI) ~9  ~8.5 7-8  
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Figure 8.1 SEM images of (a) irregular AKP30, (b) spherical AO802 and (c) platelet 

Alusion alumina powders used in this study. 
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8.3 Results and Discussion 

 

Figure 8.2(a) and (b) shows the distinctive sheet structure of GO identified by scanning 

electron microscope (SEM) with an applied voltage of 15 kV at a work distance of 15 

mm (SEM, S-4300, Hitachi, Japan) and by transmission electron microscope (TEM) 

(Philips CM200). According to Figure 8.2(b), the lateral dimension of GO used in this 

study is ~1.2 m. The crystal structure of GO was identified by X-ray diffraction 

(XRD) (DMAX-2500, Rigaku) in Figure 8.2(c) displaying a typical peak [21, 23, 29] at 

2 = 10.88
o
. 

 

During the preparation of GO suspension, GO powder was added to the distilled water 

forming a dark colour liquid as shown in Figure 8.3. This colour liquid was similar to 

what has been reported by others [17, 30]. No particulate material was visible which 

indicates that the GO sheets were fine in size and well dispersed. The ease of complete 

dispersion is consistent with the hydrophilic properties of GO. Others had reported 

similar ease of dispersibility of GO in water via sonication and even simple stirring 

[30]. The GO-water mixture was quite acidic with a pH of 2.73 and 2.76 at 0.5 dwb% (g 

GO per 100 g alumina-without the alumina particle) and 2.35 and 2.47 at 1.0 dwb% 

concentration. The higher acidity of the suspension at high GO concentration indicates 

the presence of a relatively strong acidic group such as –COOH. The presence of           

–COOH group in graphene oxide is still in dispute among members of this research 

community [17]. The pH values obtained in this study are much lower than that reported 

by Galande et al., which is 5.2 [18] but the GO concentration employed was 

unspecified. 
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(a)    

 

(b)    
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(c)  

(d)  

Figure 8.2 The morphology of GO analysed using (a) SEM image, (b) TEM image and 

(c) XRD spectrum, and (d) the structural model of GO (taken from [31]). 

 

 

 

Figure 8.3 Single layer-like suspension of GO-distilled water mixture obtained by bath-

sonication. 
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In a very recent paper, Konkena and Vasudevan [32] reported the data for zeta potential, 

concentration of ionized groups and charge density in the pH range of 2 to 11 for GO 

prepared by the same Hummers’ method employed here. GO was found to be 

negatively charged through the whole pH range. The negative charge density at pH 2 

remained quite significant, slightly more than 20% of that at pH 11, the fully charged 

state. The ionised group concentration is also relatively high, 10% of that at pH 11 and 

12. The magnitude of the negative zeta potential decreased with decreasing pH; -54.3 

mV at pH 10.3 to -15 mV at pH 2. A similar variation of the zeta potential with pH for 

fine and coarse GO synthesised using the same method was reported by Wang et al. 

[33]. The trend of the variation of the zeta potential with pH is the same for both the 

fine and coarse GO. However, the negative zeta potential for the fine GO is larger than 

the coarse GO at any given pH. For example, at pH 2, the zeta potential is –22 mV 

compared to –7 mV for the coarse GO. This larger negative zeta potential explained the 

greater stability of the fine GO sheets at pH 4 and the instability or flocculation of the 

larger GO sheets at the same pH. The larger negative zeta potential of the smaller GO 

was attributed to its larger edge charge density to sheet surface area ratio.  

 

For adsorbed additive mediated particle-particle interactions, the maximum yield stress 

of the suspension may increase or decrease. An adsorbed additive is regarded as a good 

steric agent if it brings about a very large reduction in the maximum yield stress. 

Reduction by as much as 70% has been reported [24, 25]. At the other extreme where it 

increases the maximum yield stress by several folds, it is regarded as a very good 

particle bridging agent [34]. Whether an additive is a good steric or bridging agent is 

determined by its molecular properties [27, 34-37]. Figure 8.4(a), (b) and (c) shows the 

yield stress-pH behaviour of the AKP30, AO802 and Alusion alumina suspensions. For 

the pristine suspensions, i.e. without added GO, the maximum yield stress generally 
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decreases with median particle size, i.e. AKP30 > AO802 > Alusion alumina 

suspensions at the same solids concentration. The maximum yield stress is 330, 110 and 

32 Pa for AKP30, AO802 and Alusion suspensions, respectively. The maximum yield 

stress is located at pH 9, pH 8.5 and pH 8, respectively.  

 

In the presence of GO, the maximum yield stress of AKP30 alumina suspension was 

reduced to 185 Pa and 250 Pa at 0.5 dwb% and 1.0 dwb%, respectively as shown in 

Figure 8.4(a). This represents a 44 and 24% reduction. In contrast, the maximum yield 

stress of AO802 alumina suspension was increased to 130 Pa and 140 Pa at the same 

concentrations representing a 1.2-fold and 1.3-fold increase respectively, which can be 

seen in Figure 8.4(b). The maximum yield stress is located at pH 8 and pH 7.5 for 0.5 

dwb% and 1.0 dwb% GO, respectively. GO produced a much more dramatic increase in 

the maximum yield stress of Alusion alumina suspension. The increase was almost an 

order of magnitude higher as shown in Figure 8.4(c). Also, the suspension remained 

flocculated over the entire pH range from 2 to 9 with and without GO. The maximum 

yield stress was increased to 50 Pa and 180 Pa at 0.5 dwb% and 1.0 dwb%, respectively. 

This reflects a 1.6-folds and 5.6-folds increase located at pH 6 and pH 5.5, respectively.  
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Figure 8.4 The effect of GO on yield stress-pH behaviour of (a) irregular AKP30, (b) 

spherical AO802 and (c) platelet Alusion alumina suspensions. The lines are drawn as a 

guide to the eye. 
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The zeta potential characterising the alumina surface properties in the suspensions with 

and without GO has been characterised. Zeta potential is affected by pH and the extent 

of the ionic additive adsorption. Adsorbed anionic additive such as GO should typically 

shift the pH of zero zeta potential (pH=0) to a lower value [24, 25]. The extent of the 

shift is dependent upon the GO concentration and the amount of GO relative to the total 

particle surface area. For very high specific surface area particles, a higher amount of 

adsorbed GO is required for the same extent of shift. Figure 8.5 shows the effect of GO 

concentration on the zeta potential-pH behaviour of the AKP30, AO802 and Alusion 

alumina suspensions. The zeta potential-pH data of pure GO taken from Konkena and 

Vasudevan [32] were also plotted in Figure 8.5(a) clearly showing its anionic 

characteristics. The pH=0 shift is quite small for AKP30 as shown in Figure 8.5(a). At 

0.5 dwb% and 1.0 dwb% GO, the shift is only 0.2 and 0.4 pH unit for AKP30 

suspensions which is within the noise level of the zeta potential measurement. However 

at lower pH, the difference in the zeta potential is more pronounced and the zeta 

potential is smaller in value indicating the presence of GO adsorption. The pH=0 shift is 

even more insignificant for AO802 suspension by GO as shown in Figure 8.5(b). At 

lower pH, the zeta potential-pH curves began to deviate with the higher GO content 

suspension displaying a lower positive zeta potential. This again is an indication of the 

presence of GO adsorption. This insignificant pH=0 shift or minimal reduction of zeta 

potential in the low pH region may implies that either no GO or only a small amount of 

GO has been adsorbed onto the alumina particles. Note that it is possible for the degree 

of GO adsorption to be high but its total negative charge is small compared to the 

amount of positive charge in the high specific surface area alumina particles. In 

contrast, the shift in the pH=0 and the reduction in the zeta potential in the low pH 

region are more pronounced for the platelet Alusion alumina suspensions as shown in 
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Figure 8.5(c). At 0.5 dwb% GO, the shift is 0.8 pH unit. This is 4-times the shift 

observed with AKP30 suspension. At 1.0 dwb% GO, the shift is even greater, 4 pH 

units. The platelet alumina particle is relatively large with a much lower specific area as 

shown in Table 8.1. Its specific area is more than 3-times smaller as compared to 

AKP30. This means that a smaller amount of adsorbed GO should produce a more 

pronounced pH=0 shift. The large shift in pH=0 may also indicate a high degree of GO 

adsorption. The onset GO adsorption appeared to be located at pH 6.5 from the Figure 

8.5(c) where the alumina particles begin to acquire a net positive surface charge. This is 

accompanied by a reduction in the zeta potential from 0 to -20 mV upon GO adsorption. 

Note that the isoelectric point of the Alusion suspension shown in Figure 8.5(c) is 

located at pH ~7 which is a pH unit lower to another batch of Alusion suspension 

reported earlier [27]. 

 

 

 

 



Chapter 8 Page 196 
 

pH

2 4 6 8 10

Z
e
ta

 p
o

te
n

ti
a

l,


 (
m

V
)

-80

-60

-40

-20

0

20

40

60

80

0.5

1.0

dwb% Graphene Oxide

5 wt% Al2O3 - AO802

0

(b)

 

pH
2 4 6 8 10

Z
e
ta

 p
o

te
n

ti
a
l,


 (
m

V
)

-40

-30

-20

-10

0

10

20

30

40

0.5

1.0

dwb% Graphene Oxide

5 wt% Al2O3 - Alusion

0

(c)

 

Figure 8.5 The effect of GO concentrations on zeta potential-pH behaviour of (a) 

irregular AKP30, (b) spherical AO802 and (c) platelet Alusion alumina suspensions. 

The lines are drawn as a guide to the eye. 
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The larger yield stress displayed by the finer suspensions is due to the sharp increase in 

the particle number concentration at a given solids concentration. This concentration 

increases with the inverse of the particle size to the power of 3. Despite the van der 

Waal forces of attraction being weaker for interaction between finer particles, the higher 

concentration of particle-particle interactions more than compensate for this negative 

impact resulting in a higher maximum yield stress or viscosity. Leong et al. [26] had 

shown the importance of particle concentration on the maximum yield stress at the 

isoelectric point for a range of oxide suspensions.    

 

The decrease and increase in the maximum yield stress of AKP30 and AO802 alumina 

suspensions by GO indicates the presence of GO adsorption despite the relatively weak 

zeta potential results. Similar weak zeta potential results with other adsorbed additives 

have been observed in the previous study (Chapter 7) and study by others. These 

additives, such as benzoic acid derivatives, with the second functional group being 

another –COOH or –OH group [36, 37] and bolaform compounds with two –COOH 

groups [34], however produced a very large effect on the maximum yield stress of the 

suspensions.  

 

The maximum yield stress reduction of AKP30 alumina suspensions (Figure 8.4a) 

indicates that the particle network strength is weakened by GO. This could occur via 

two means: i) the added GO disrupts the network structure and ii) adsorbed and acted as 

a steric barrier thereby weakening the van der Waal interparticle attraction force by 

keeping the interacting particles further apart. The particle size distribution of these 

AKP30 suspensions was therefore measured.  It was found that the size was much 

coarser in the presence of GO. The d10, d50 and d90 were 0.18, 0.93 and 3.57 m for 

suspension with 0.5 dwb% GO and 0.32, 1.34 and 3.26 m for suspension with 1.0 
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dwb% GO.  The size distribution for the pristine suspension is tabulated in Table 8.1 

which showed a much smaller d50 of 0.34 m. The increase in the particle size is 

consistent with a GO sheet having a few submicron alumina particles adsorbed on it like 

that reported earlier between GO and SiO2 [20] and TiO2 [22]. These composite 

particles may disrupt the network structure weakening it instead. 

 

Meanwhile, the increase in the maximum yield stress of both AO802 (Figure 8.4b) and 

Alusion (Figure 8.4c) alumina suspensions by GO indicates the presence of an 

additional attractive force such as bridging. Like AKP30, GO increased the median size 

of the AO802 suspensions. The d50 is 1.97 and 1.80 m for the suspension with 0.5 

dwb% and 1.0 dwb% GO. Unlike AKP30, the presence of these composite particles in 

this case strengthened the network slightly. However in the case of Alusion suspension 

the size distribution was not affected by GO. The d10, d50 and d90 were 4.58, 9.61 and 

16.49 m for the platelet alumina suspension without GO, 4.67, 9.97 and 16.62 m for 

the 0.5 dwb% GO and 4.36, 9.31 and 15.59 m for the 1.0 dwb% GO. The platelet 

alumina particles are as large as the GO sheets and so it does not take much energy to 

separate the adsorbed GO sheets from the particles. A simple mechanical stirring is 

sufficient to hydrodynamically force them apart. At the pH of maximum yield stress of 

5.5 for the platelet alumina suspension with 0.5 dwb% GO, almost all the carboxylic 

acid groups will be charged according the average pKa value of 4.8 for the carboxylic 

group. The relatively small rise in the maximum yield stress at this pH suggests that not 

all the particle-particle bonds in the flocculated network were mediated by adsorbed GO 

probably due to insufficient GO being available. The very large increase of 5.6-folds by 

1.0 dwb% GO suggests that every particle-particle bond in the network being reinforced 

by adsorbed GO.   

 



Chapter 8 Page 199 
 

Between pH 2 and 5.5, the yield stress of Alusion alumina suspensions in the presence 

of GO is still higher than the pristine suspension. The yield stress showed a decreasing 

trend from pH 5 to 2. This means that particle bridging contribution to the yield stress 

by adsorbed GO diminished with decreasing pH and this is expected. Konkena and 

Vasudevan [32] showed that the charge density, concentration of ionised groups and the 

magnitude of the negative zeta potential decreases with decreasing pH. At pH 2, the 

charge density is only 20% that total charge density. Since strength of particle bridging 

bond is directly linked to the number of charge groups on the GO edge being bonded to 

the oppositely charged particle surface groups. A smaller concentration of charged 

group or ionised group, 10% at pH 2, would therefore lead to generally weaker particle 

bridging interaction. This explained the decreasing yield stress from pH 5.5 to 2. Wang 

et al. [33] reported that smaller GO sheets is more stable at low pH 4 where the larger 

GO will precipitate out. Previous studies [35] with weak acidic additives such as citric 

acid showed that once adsorbed it remains adsorbed even at very low pH despite its 

solution state charge being net neutral. In all the previous studies with anionic additives 

(Chapter 4-7), the suspensions were prepared at an alkaline pH and the so the adsorption 

commenced at a relatively high pH and became very significant at pH below the 

isoelectric point of the particles. For the large GO sheets that were displaced into the 

solution due to the lack of edge charges for surface anchoring, flocculation between the 

sheets can occur. However the van der Waals force responsible for the flocculation is 

expected to be relatively weak because of its relatively low carbon atom density and the 

larger sheet separation distance due to its surface epoxide groups keeping the sheet 

further apart. Even attraction between graphene sheets is relatively weak as reflected by 

its ease of separation such as via the scotch tape method.  
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There are many possible configurations of the GO-mediated bridging interactions 

between alumina platelets. The carboxylic groups located only at the edges of the GO 

sheets could bind two platelet alumina particles in a face-face, edge-face or edge-edge 

configuration in the network structure. Figure 8.6 shows a schematic diagram of a) 

edge-face and (b) edge-edge GO-mediated bridging. The separation distance between 

interacting particles by GO sheets can be quite large, i.e. the length or the width of the 

sheet. In this case, the van der Waals interaction between the particles should be 

relatively weak. The network structure in the suspension must therefore derived most of 

its strength for this heterogeneous charge attraction between GO and platelet alumina. A 

GO sheet will have four edges and so it can acts as a source of network junction in the 

suspension. A GO sheet junction will have several particles bind to its edges via a 

mixture of edge and face attachments. Note that the adsorption bond formed between 

the GO and alumina surface is a negative-positive charged attraction. 

 

Since GO produced a very large increase in the yield stress of Alusion alumina 

suspensions at all pH level, a plausible GO mediated bridging model explaining this 

behaviour is greatly warranted. However the GO-mediated particle bridging interaction 

can only occur in the manner described in Figure 8.6 if the edge charged groups are 

responsible for the particle bridging. At pH above isoelectric point (iep), greater than 

pH 7.5 for Alusion alumina, the particle charge is net negative and so the extent GO 

adsorption is smaller and hence a weaker bridging effect was observed. At pH below the 

iep, pH < 7, the charge density is positive and increases with decreasing pH. GO 

adsorption should be high and bridging effects should become more important. As a 

result, a large maximum yield stress at pH ~ 5 is observed. At very low pH, the negative 

edge charge density of GO decreased producing much a weaker particle bridging 

interaction despite a much larger positive charge density of alumina particles. Since the 
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particle bridging is due to heterogeneous charge attraction, it is possible that the yield 

stress-DLVO force model being obeyed by these suspensions. 
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Figure 8.6 Proposed bridging interaction between the carboxylate groups located on the 

edge of the GO sheets and particles via (a) edge-face, or (b) edge-edge interaction. 
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One of the yield stress-DLVO force models used to explain particle-particle interactions 

is given by Equation (8.1) [38, 39] as: 

 











 2
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oo

y
D
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D

A

a
                                                                 (8.1) 

where y is the yield stress, Do the separation distance between two particles,   the 

solids volume fraction, a the particle size, A the Hamaker constant of the particle in 

water and  is the zeta potential. C = 2wln((1-Do)
-1

) where w is the permittivity of 

water and   the inverse of the debye layer thickness. If the model is obeyed then the 

yield stress should decrease linearly with the square of the zeta potential where for 

many suspensions this has been the case [39-41]. Generally the yield stress of most 

suspensions does not scale to 
2
. In the presence of adsorbed additive, the minimum 

separation distance between two interacting particles in the flocculated will be increased 

by the adsorbed layer. This means a weaker van der Waals force which is typically 

reflected by a reduction in the yield stress. In the case where additive layer thickness is 

not constant, this model is not obeyed [42]. The yield stress versus zeta potential square 

plots for AKP30, AO802 and Alusion are shown in Figure 8.7. The pairing of the yield 

stress and zeta potential was made at the same surface chemistry condition, i.e. making 

pH of maximum yield stress equal to pH of pI, for the AO802 suspensions only. The 

difference in the two pHs were significant enough, by about 1 pH unit, but not too large 

to be a real effect. 
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(a)    

 

 

(b)    
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(c)    

 

Figure 8.7 The plot of yield stress versus square of zeta potential for (a) irregular 

AKP30, (b) spherical AO802 and (c) platelet Alusion alumina suspensions. 

 

 

According to Figure 8.7(a) there is a linear relationship for AKP30 suspensions with 

and without GO. The suspensions with 0.5 and 1.0 dwb% GO can be represented by the 

same linear relationship with an intercept value for the zeta potential of 41 mV. This 

relationship is however not obeyed in the very low yield stress region. The linear 

relationship obtained for the suspension without GO is less accurate due to a relatively 

large degree of scatter in the data but is regarded as acceptable. The intercept value of 

the zeta potential squared axis is larger than that previously reported [41] giving a zeta 

potential value ranging from 45-55 mV. This value is higher than that with GO meaning 

that a weaker network structure is formed by GO at the pH of zero zeta potential [41]. 

For the AO802 alumina suspensions with and without GO, linear relationships as shown 
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in Figure 8.7(b) appeared to also describe the yield stress and zeta potential squared 

data. The fit, like the AKP30, is bad for data in the low yield stress region. It appeared 

that the intersect value is higher for the 1.0 dwb% GO (~35mV) compared to that of 

(~33mV) for the 0.5 dwb% GO but the difference is too small to allow for definitive 

correlation between bridging strength and intercept zeta potential value. Also, the 

intersect value for the suspension without GO is similar in value ranging from 30 to 35 

mV.    

 

For the Alusion alumina with and without GO, a linear relationship with negative slope 

was also observed for 0.5 dwb% GO and that without GO as shown in Figure 8.7(c). An 

intercept value for the zeta potential of ~40 mV and ~51 mV was obtained for that 

without GO and with 0.5 dwb% GO. For the 1.0 dwb% GO in Alusion alumina 

suspension, the data used in the fit were obtained in both the positive and negative 

charge region. However, there is only one point in the positive charge region due to its 

low pH of zero zeta potential of 2.5. The yield stress data appeared to show a maximum 

at 300 mV
2
 or zeta potential of -15 mV (Figure 8.5c). For effective particle bridging, all 

the carboxylic acid groups on the GO sheet must be charged and the platelets must have 

sufficient positive charges. This could explain why the maximum yield stress is located 

at pH 5.5 instead of 2.5 the pH of zero zeta potential (Figure 8.5c). At pH 5.5, the 

carboxylic acid group is usually in the dissociated state. So at this pH, a given GO sheet 

will have sufficient charges to bridge one or more platelet Alusion alumina particles. 

The magnitude of the zeta potential is an indication of the strength of the repulsive 

interaction between the interacting particles. A zeta potential with a magnitude of 15 

mV is an indication of a relatively weak repulsive interaction. Without an additive 

mediating the particle-particle interaction, the van der Waals attractive would have 

dominated the interaction and the suspension will be flocculated. The maximum yield 
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stress occurring at a zeta potential of ~-15 mV suggests that the number of positively 

charged sites on the Alusion particles must be at optimum at this point allowing 

effective bridging with the negatively charged GO sheets producing a flocculated 

suspension of maximum gel strength. The strong heterogeneous charged attraction 

between the GO and Alusion particles must be in the right architectural configurations 

to produce this large increase in the gel strength.  

 

In summary, GO is very effective in increasing the strength of the attractive force 

between micron-sized platelet alumina particles via bridging. At a given solids 

concentration, the particle concentration will be far less than submicron-sized alumina 

suspension requiring much less amount of GO sheets to strengthen each particle-particle 

bond. Moreover, it is postulated that platelet morphology of the alumina particles 

facilitate a much stronger interactions between the carboxylate groups located on the 

edge of the GO sheets and particles, i.e. edge-face or edge-edge interaction (Figure 8.6). 

With submicron-sized AKP30 and AO802 alumina suspensions, the particle number 

concentration can be several orders of magnitude larger. There are not enough GO 

sheets to strengthen each interparticle bond. Moreover, a micron-sized GO sheet can 

have several particles adsorbed on it at the same time particularly at the edges. This type 

of adsorbed configuration is not directed towards increasing the interparticle attractive 

force of the flocculated network. Hence, this reflected by a smaller increase or even a 

small decrease in the yield stress.  

 

The structural feature of GO is still unclear and ambiguous [17]. There are several 

structural models of GO available in the literatures [17]. There are GO models where 

the –COOH group is not present [43]. Some models showed the presence of phenolic    

–OH group [17]. The model proposed by Lerf et al. [44] is most cited where a small 
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amount of carboxylate groups are present along the edges of the GO sheet. The presence 

of this carboxylate group was indirectly supported by infra-red (IR) data. The yield 

stress result obtained here appeared to lend further indirect support to this GO structural 

model with peripheral carboxylic acid groups (Figure 8.2d [31]). Moreover, the very 

low pH of the GO dispersion is also an indication of –COOH being present in addition 

to the other acidic group, the phenolic group. The –COOH acid is usually a much 

stronger acid with a pKa value of 5 compared to 10 for the phenol –OH group. It is 

believe that this report is the first ever on GO acting as an effective bridging agent for a 

particular shape and size of the particles where the location of the  carboxylic groups on 

GO is essential for producing the ideal bridging interaction observed. 

 

8.4 Conclusion 

 

Micron-sized graphene oxide (GO) sheets are very effective in increasing the strength of 

the  interparticle attractive forces of micron-sized platelet alumina suspensions as 

reflected by the 6-folds increase in the maximum yield stress of 55 wt% solids 

suspension at 1.0 dwb% GO. The attraction between the GO and the platelet alumina 

particle must be in the right architectural configurations to increase the strength of the 

flocculated network structure. This is however not true with submicron irregular and 

spherical shape alumina suspensions. Multiple particles adsorption on GO sheets does 

not normally produced a particle-particle interaction configuration that enhances the 

network strength especially in an environment of a deficient GO content. Based on 

dissociation constant values of –COOH and phenol –OH, it is believe this is the first 

result ever reported that GO layer can acts as a bridging agent caused by the interaction 

of the polar –COOH group, located in an ideal position to bridge with the nearest 

particle. 
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9.0 CHARACTERIZATION OF THE FLOCCULATED-DISPERSED STATE 

TRANSITION WITH DILUTE OXIDE DISPERSIONS VIA THE CRITICAL 

ZETA POTENTIAL 

 

Part of this chapter (i.e. sedimentation technique) is refereed and presented at the 

Chemeca 2011: The 41th Australasian Chemical Engineering Conference, paper #476, 

ISBN: 978-085-825-9225.  

 

Additionally, part of this chapter is presented at the Forum on Geomechanics of Coal-

Gas Interactions and Enhanced Oil Recovery (EOR). Western Australia, Australia, 12-

13 October 2010.   

 

9.1 Introduction  

 

Colloidal forces are often exploited to optimize dispersion processing in many 

industries such as petroleum, chemicals, food, pharmaceutical, pigment, ink [1], and 

mining and mineral processing [2]. In pristine oxide dispersions with no adsorbed 

additive, there are only two main range colloidal forces interacting between the 

colloidal particles, the van der Waals attractive force and electrostatic double layer 

repulsive force. The sum of these two forces forms the basis of DLVO theory that 

elucidates the stability of the colloidal dispersions. 

 

The net DLVO force for an interaction of two identical particles [3, 4] in dispersions is:  
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where the first term represents the van der Waals attractive force and the second term 

represents the repulsive force.  

 

At the point of the transition from flocculated to dispersed state, the net force is zero. So, 

Equation (9.1) is rearranged and reduced to:  
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where Do is the separation distance in the flocculated state which is minimum and fixed. 

Experimentally, the surface potential is replaced with the zeta potential parameter. The 

square of critical zeta potential is proportional to the Hamaker constant of the oxide in 

water, under constant condition of other parameters. 

 

Leong and Ong [3] and Teh et al. [5] characterized the flocculated-dispersed state 

transition by exploiting the yield stress-DLVO model [6-8]. The yield stress is 

maximum at zero zeta potential where only the van der Waals force is present. Using a 

yield stress parameter to describe the interaction between particles in flocculated state, 

Equation (9.1) was converted to [9]: 
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where C = 2 ln(1-e
-Do

). Similarly, the first term represents the van der Waals 

attractive force and the second term represents the repulsive force. In the yield stress-

square of zeta potential technique, the yield stress and zeta potential data were obtained 

experimentally over a wide range of pH. The pairing of the yield stress and zeta 

potential data must be at the same surface chemistry condition. These two parameters 
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were therefore paired at the same pH provided that the two zero charge points, i.e. the 

pH of maximum yield stress and isoelectric point, are in very close agreement. This is 

often the case. When the difference between them was too large, the pairing was made 

at the same pH unit away from their respective zero charge point. This yield stress-

DLVO correlation was first reported by Friend and Hunter [10], Firth [11] and later by 

several others such as Leong et al. [12]. When the model was obeyed, the yield stress 

decreased linearly with the square of the zeta potential. At the point of zero yield stress, 

the intercept of the line in zeta potential squared axis gave the square of the critical zeta 

potential value.  

 

The characterization of flocculated-dispersed state transition using yield stress-square of 

zeta potential however only suitable for concentrated dispersions [3]. This is because 

the yield stress measured directly indicates the strongest attraction between two 

particles, which are present in majority in the concentrated flocculated network. The 

large amount of surface area of particles would also mop out small amount of impurities 

so that the results obtained were insensitive to the presence of impurities. Meanwhile, 

Zhou et al. [13] studied several sets of yield stress-square of zeta potential data for -

Al2O3 dispersions at different concentration, median size and size distribution. Upon 

analysis of their data, it was found that these particle factors did not affect the critical 

zeta potential value. The results suggest that the separation between two particles in 

flocculated dispersion, Do, is not dependent on the particle concentration, median size 

and size distribution.   

 

In this study, a new method that relies on the difference in sedimentation properties 

between flocculated state and dispersed state of dilute slurries was evaluated. In terms 

of sedimentation properties of particles, a flocculated state is characterized by the 
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sedimentation of all particles forming a soft settled layer. In the flocculated regime, the 

strength of the van der Waals force is at the maximum as the separation distance 

between particles is the smallest and constant. The flocculated suspension is usually 

prepared in 1 M NaOH solution. The high hydroxyl concentration will remove any 

adsorbed anionic impurities. Through repeated washing and sedimentation of the 

initially flocculated suspension via decanting the supernatant liquid and washing via 

different type of solvent (distilled water or salt solution or a combination of alkaline and 

salt solutions), dispersed state was slowly achieved. In the dispersed state, large 

particles remained settled but the fine particles suspended in the water. The point of 

transition was characterized just before the arrival of the dispersed state. The critical 

zeta potential at the point of transition state was measured and evaluated in terms of 

critical zeta potential ratio. Since the technique is novel, the methods are evaluated and 

presented in two sections according to the progress of the technique development.    

 

9.2 Materials and Methods  

 

In the first section of the sedimentation technique, a series of experiments were 

conducted. Firstly, a dilute oxide suspension was prepared by adding a required amount 

of ZrO2 powder (Tosoh TZ-O), TiO2 powder (rutile Merck anatase) or -Al2O3 powder 

(graded Sumitomo AA-07 and AKP30) into ten to twenty times the amount of 1 M 

NaOH alkaline solution. The use of copious amount of 1 M NaOH alkaline solution was 

to remove adsorbed anions such as sulphate and carbonates (i.e. impurities), from the 

particles. The mixture was sonicated until it became homogeneous, and was left for 24 

hours. By this time, flocculated sediment was observed at the bottom of the container 

with clear supernatant on top. The clear supernatant was decanted and the same amount 

of liquid removed was replaced with distilled water. This is called a washing step. The 
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resultant slurry was shaken vigorously and then allowed to rest and settle again. The 

process of sedimenting, decanting and washing was repeated sequentially until a 

flocculated-dispersed state transition was reached. The steps were terminated when the 

particles formed a stable dispersion state. The behaviour of the sediment was observed 

for changes after each washing. Zeta potential and conductivity of the slurry was 

measured using the Colloidal Dynamics ZetaProbe equipment at the transition point and 

also at the nearest and distinguishable regions of flocculated and dispersed.  

 

Then, the experiment was continued with the AKP30 -Al2O3 powder only by 

conducting the same aforementioned method except that the distilled water was 

replaced with 0.05 M KNO3 salt solution. The AR graded KNO3 used contained 

0.0005% phosphate and 0.003% sulphate. 

 

Lastly, the sedimentation technique was conducted under acidic condition. For this, 

similarly steps of ZrO2, TiO2 or -Al2O3 suspension preparation was conducted. The 

process of sedimenting, decanting and washing was again repeated sequentially. But the 

second washing was with 0.05 M HNO3 acidic solution, the third and the rest of the 

washing was with 0.05 M KNO3 salt solution.  

 

In the second section of the sedimentation technique, 9 wt% of AA07 -Al2O3 

suspension was prepared with 1 M NaOH alkaline solution. The process of sedimenting, 

decanting and washing was again repeated sequentially, but the washing was with 0.03 

M KNO3 salt solution. For every stage of washing, measurement of pH, NTU and 

conductivity of the removed supernatant were recorded.  
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Then, similar steps were repeated with ZrO2 powder. This time however, during the 

washing step, the total amount of decanted supernatant was replaced with (i) equal 

amount of 0.01 M NaOH alkaline solution and 0.03 M KNO3 salt solution, and (ii) 

equal amount of 0.01 M NaOH alkaline solution and 0.025 M KNO3 salt solution. Once 

the slurry formed a dispersed state, the pH of the suspension was adjusted slowly using 

6 M HNO3 acidic solution, until another transition state appeared in an acidic region.  

 

9.3 Results and Discussion 

 

In dilute dispersed suspension, each particle is considered to move independently of its 

neighbours in the suspension [14]. The rheological property of such suspension is 

usually Newtonian where the viscosity is independent of shear rate. In this study, the 

solids concentration of suspension prepared ranged from 5 to 15 wt% solids with 

volume concentration as low as 1%. 

 

The development of the sedimentation technique for the characterization of flocculated-

dispersed transition state required experimentation to identify the best or most accurate 

approach. These were lumped into two approaches; the sedimentation technique and the 

improvised-sedimentation technique. The slurry stability depends on the pH, as it 

determines the particle surface charge density, and its ionic strength. So, prior to 

analysis of the transition state characterization, the pH of suspensions was reduced via 

the washing step.  
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9.3.1 Sedimentation Technique 

 

In sedimentation technique, oxide suspensions with solids concentration ranging from 5 

to 15 wt% were employed. Sedimentation behaviour of dilute ZrO2 suspensions in an 

alkaline medium is shown in Figure 9.1. A sequential change in the particle behaviour 

in suspension was observed during the washing steps. In the flocculated state, a 

sediment with a clear supernatant is observed. The particles formed aggregates via 

strong van der Waals attraction interaction and settled at the bottom of the container. 

During the process of decanting the clear supernatant and washing of the slurries, the 

high pH of the slurry was progressively reduced. As a result, suspension behaviour 

changed from a sediment with a clear supernatant, to one with suspended fine particles, 

and then to one where the suspension remained highly turbid or opaque (stable 

dispersed state). The sample with the suspended fine particles reflects a state that is 

close to the point of transition. This suspension behaviour was reproducible in the acidic 

medium. 

 

 

 

Figure 9.1: Observation on ZrO2 suspension behaviour obtained via sedimentation 

technique. 

 

 

 
              FLOCCULATED STATE      TRANSITION        DISPERSED                
                                                                STATE                 STATE 
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In the sedimentation technique, the flocculated suspension was prepared in 1 M NaOH 

solution to remove adsorbed impurities. The suspension is flocculated because of the 

very high ionic strength of 1 M NaOH. The flocculated particles in the suspension 

settled quickly to form a clear supernatant. The clear supernatant was decanted and 

weighed. This was replaced with the same amount of distilled water. After several 

washings the pH decreased and ionic strength also gets smaller. Eventually at low 

enough ionic strength while the pH is still relatively high the suspension becomes 

dispersed. The distance between particles is greatly increased in the dispersed state. For 

very small or nanoparticles, they remained in suspension for a long period of time. 

Hence the sedimentation property is different between flocculated and dispersed 

suspensions. An observable change of dispersions behaviour, from a dispersed to a 

flocculated state can be observed by changing the pH of the system or by the 

progressive washing of the suspension as shown in Figure 9.1.  

 

Figure 9.2 shows the changes of zeta potential of ZrO2 suspensions at different pH. Zeta 

potential at the transition state was found at pH 12.75 with critical zeta potential of -72 

mV. The flocculated-dispersed state transition was located when fine particles remained 

in suspension. Results in Figure 9.2 also show that there was only a small different ( 

5 mV) in zeta potential measurements between the dispersed state and the flocculated 

state, within a small pH region of between 12.95 and 12.55. This implies that the critical 

zeta potential is not very sensitive to pH change in the region near the point of 

flocculated-dispersed state transition.   

 

By using a fresh batch of sample every time, several sets of critical zeta potential of 

ZrO2 were determined (Table 9.1). The critical zeta potential values of ZrO2 were 

recorded between -65.88 and -80.60 mV, and the conductivity of the suspension varied 
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from 3 to 7 mS/cm. The limitation of this technique is that the conductivity and solids 

concentration at the flocculated-dispersed state transition varied significantly. The 

critical zeta potential (average) of ZrO2 is -73.67  6.23 mV at an average conductivity 

of 5.7 mS/cm at 10 wt% average solids concentration. 
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Figure 9.2: ZrO2 particle zeta potential behaviour under alkaline medium. 

 

 

Table 9.1: The critical zeta potential values of ZrO2. 

Particle Zeta potential at 

flocculated-dispersed 

state transition  

Conductivity 

(mS/cm) 

Solid concentration 

(c.a wt.%) 

ZrO2 (1
st
 attempt) -65.88 7 10 

ZrO2 (2
nd

 attempt) -72.18 6 5 

ZrO2 (3
rd

 attempt) -76.00 3 11 

ZrO2 (4
th

 attempt) -80.60 6.7 15 
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Figure 9.3 shows the zeta potential-pH behaviour of alkaline washed TiO2 and Al2O3 

suspensions. The state of each suspension was labeled in the figure. With increasing 

washing, the suspensions became more dispersed as the pH decreases with each 

washing. The values of the critical zeta potential determined in the negative charge 

region of various oxides are compared in Table 9.2(a). The critical zeta potential of 

deionized water washed 10 wt% AKP30 -Al2O3 suspension is unusually high ~82 mV. 

The conductivity is only 3 mS/cm which is mainly due to fast mobility of the –OH ions. 

The actual ionic strength is in the region of between 0.001 and 0.01 M of a 1:1 

electrolyte. 

 

Instead of relying on the remaining NaOH concentration as the ionic strength as well as 

determining the solution pH or particle charge density, the second batch of alumina 

suspension prepared in 1 M NaOH is washed with 0.05 M KNO3 salt solution. For 

AKP30 -Al2O3 suspensions repeatedly washed with this salt solution to give an ionic 

strength closed to 0.05 M KNO3  after the last washing to reach the transition state, the 

critical zeta potential obtained is much smaller, about -56 mV at pH 11.83 and 

conductivity of 5.8 mS/cm (Table 9.2b). The reduction of the critical zeta potential 

obtained when 0.05 M KNO3 indicates that several more repeats are needed to get 

indication of the spread in the critical zeta potential value. Teh et al. [5] reported that 

alkaline washing of powders can removed the adsorbed anionic impurities from the 

particle surfaces. These impurities formed a steric layer keeping the particles further 

apart. Hence, the cleanliness of the powder can be indicated by how far the pH of zero 

zeta potential being shifted to a higher pH. It is also a measure of the effectiveness of 

the washing step. The critical zeta potential obtained via the yield stress-DLVO model 

technique is generally larger for washed oxide suspensions. However these values are 

much lower than that obtained here with the new sedimentation technique.   
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Figure 9.3: TiO2 and Al2O3 particle zeta potential behaviour under alkaline medium. 

 

 

Table 9.2: The critical zeta potential in the negative charge region (alkaline medium). 

Particle Zeta potential at 

flocculated-dispersed 

state transition  

Conductivity 

(mS/cm) 

Solid concentration 

(c.a wt.%) 

(a) 1 M NaOH and consecutive washing with distilled water 

ZrO2 (average) -73.67  6.23 5.7 10 

TiO2 -74.76 6 5 

-Al2O3   (AA-07) -67.63 5 6 

-Al2O3  (AKP30) -81.85 3 10 

(b) 1 M NaOH and consecutive washing with 0.05 M KNO3 

-Al2O3  (AKP30) -56.30  5.8 9 
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The values of the critical zeta potential determined in the positive charge region of 

various oxides are compared in Table 9.3. The critical zeta potential values determined 

in the acidic medium were smaller than that in the alkaline medium. This implies that 

the sulphate and phosphate impurities in the KNO3 salt solution adsorbed on positive 

charge sites of the particles at low pH. This can lower the value by reducing the surface 

positive charge as well as pushing out the shear plane where the zeta potential is 

measured. Teh et al. [5] has reported a low critical zeta potential when they 

characterized the transition state via yield stress-square of zeta potential technique. For 

-Al2O3, the critical value was only 40 mV. The values for TiO2 and ZrO2 was 49 mV 

and 52 mV, respectively [5]. Note that the suspension employed in the yield stress-zeta 

potential squared method is much higher in solids concentration and not the same zeta 

potential meters was used in the measurement. The ratio of the critical zeta potential 

squared that reflects the ratio of the Hamaker constant in water between oxides is a 

much better comparison. 

 

 

Table 9.3: The critical zeta potential in the positive charge region (acidic medium). 

Particle Zeta potential at 

flocculated-

dispersed state 

transition  

Conductivity 

(mS/cm) 

Solid concentration 

(c.a wt%) 

TiO2 +67.50 6.3 9.1 

ZrO2  +64.00 7 6 

-Al2O3   (AKP30) +60.36 1 8 
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The ratio of the critical zeta potential squared between any two oxides under alkaline 

medium obtained from the sedimentation technique is in good agreement with that 

obtained via the yield stress-square of zeta potential technique. The ratio between ZrO2 / 

water and -Al2O3 / water is 1.71 (73.67/56.3)
2
 compared with 1.69 (52/40)

2
 obtained 

via the yield stress-square of zeta potential technique. Similarly, the ratio between TiO2 

/ water and -Al2O3 / water is 1.77 (74.8/56.3)
2
 compared with 1.50 (49/40)

2
. Note that 

the values obtained via the yield stress-square of zeta potential technique were also in 

agreement with the ratios of the Hamaker constant calculated from Lifshitz theory [5].   

 

Note that the electrostatic component of the DLVO interaction potential was derived for 

low surface potential and small double-layer overlap. The low potential limit may be 

extended to 51.2 mV by using the Debye-Huckel approximation. However, the 

measured zeta potentials at transition state by using the sedimentation technique were 

higher than 51.2 mV. The validity of using the critical zeta potential ratio for Hamaker 

constant determination is therefore uncertain. Using it as an empirical method of 

determining the Hamaker constant may be possible provided that the accuracy of the 

method is acceptable.  

 

The limitation found in this method is that the ionic strength (measured in terms of 

conductivity) varied quite significantly. According to Equation (9.2), the critical zeta 

potential squared reflects the Hamaker constant at constant ionic strength. The 

technique was then continued by the improved-method in order to determine a more 

reliable data.  
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9.3.2 Improved-Sedimentation Technique 

The improved-sedimentation technique was conducted in order to achieve a relatively 

constant ionic strength of suspension before a flocculated-dispersed state transition is 

characterized. Figure 9.4 shows the change in ionic strength (in terms of conductivity, 

mS/cm) of the supernatant during the sedimentation stage of AA07 -Al2O3 upon 

washing with 0.03 M KNO3 salt solution. The slurry commenced in an alkaline medium. 

As the washing step is progressing, the supernatant liquid showed a relatively constant 

conductivity after some time, at pH less than 12. This reflects the relatively constant 

ionic strength of the suspension. Essentially, the transition state arrived at the 

conductivity of ~3.8 mS/cm which corresponded with the 0.03 M KNO3 salt solution.  
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Figure 9.4: The conductivity of AA07 Al2O3 with 0.03 M KNO3 salt solution washing 

as a function of pH.  
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Figure 9.5: The turbidity of supernatants of AA07 Al2O3 with 0.03 M KNO3 salt 

solution washing as a function of pH. Symbol used is at different sedimentation time 

(24 hours) = , (48 hours) = , and (1 week, insert figure) = .  

 

 

Simultaneously, the turbidity of the supernatant increased upon the progressive washing, 

(in terms of NTU unit, symbol “”) where the measurements were recorded prior to 24- 

hour sedimentation time (Figure 9.5). The sensitivity of the sedimentation technique 

amongst the relatively big, small and fine particles is evaluated by repeating the 

turbidity measurement after another 24 hours (symbol “”) which is plotted in the same 

figure, and after 1 week which is plotted in the insert figure of Figure 9.5. Small 

particles take a longer time to settle to the bottom of the container as compared to bigger 

particles. Meanwhile, fine nanoparticles may remain in suspension indefinitely, hence 

forming a suspension which comprises a compact sediment of coarse particles and 

floating fine particles. The flocculated-dispersed transition state is determined when the 
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onset of this condition occurs. At the flocculated-dispersed state transition, the turbidity 

of the suspension should increase sharply. The turbidity is measured optically in term of 

NTU unit and it is used to reflect the onset condition between the flocculated state and 

the dispersed state. At a dispersed state, the NTU measurement should remain high over 

a period of time.  

 

According to Figure 9.5, similar NTU-pH trend is observed at different sedimentation 

time. The onset condition between the flocculated state and the dispersed state is similar, 

within a pH range of 7 to 8. However, it is suggested that the improved-sedimentation 

technique should only employ ~48 hours sedimentation time. This is because by 1 week, 

even the fine particles are settled, as reflected by a very low, i.e. less than 5, NTU data. 

 

The beginning of the NTU trend (at high pH) reflects a relatively constant, low NTU 

which represents a clear supernatant. This implies that the van der Waals attractive force 

in the particle-particle flocculated network is at its maximum strength. The NTU 

readings were very close to the NTU reading of deionised water (NTU = 0.2). However, 

as the pH value reduces towards the acidic region, electrostatic double layer repulsive 

force is initiated between the particles, particles become further apart which is reflected 

by a rise in the NTU readings. The progressive rise of the NTU readings is used to 

indicate the flocculated-dispersed state transition. Essentially at pH ~8, the flocculated-

dispersed state transition is characterized. Similar test was conducted by Zhang et al. 

[15]. They reported the stability of polycarboxylate-kaolinite clay suspensions and 

found that the suspension with the presence of the low concentration polycarboxylate 

settled slightly faster than that without polycarboxylate; but hardly settled at high 

concentration of polycarboxylate, under acidic condition.     



Chapter 9 231 

 

It is conjectured that the washing using the 0.03 M KNO3 salt solution decreased the 

ionic strength quite significantly. This should then make the suspension behaviour 

change from flocculated state to dispersed state only after a few wash. So, a mixture of 

equal amount of 0.01 M NaOH alkaline solution and 0.03 M KNO3 salt solution was 

used during the washing stage of ZrO2 slurry. The change in the suspension behaviour 

was slower and easier to distinguish (Figure 9.6). The flocculated-dispersed state 

transition was characterized at the overlap of the flocculated and dispersed states, at an 

ionic strength of 3.76 mS/cm, with critical zeta potential of ~65 mV. Figure 9.7 shows 

the zeta potential of the ZrO2 resultant slurry measured under alkaline and acidic 

mediums. The critical zeta potential in alkaline medium and acidic medium is 

approximately -65 mV and +65 mV, respectively. The plot of zeta potential indicates a 

point of zero charge at pH ~5.    
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Figure 9.6: Variation of ZrO2 zeta potential with pH indicating flocculated and 

dispersed states of the particles in 0.01 M NaOH and 0.03 M KNO3 salt solutions. 
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Figure 9.7: The zeta potential of ZrO2 particles with 0.01 M NaOH alkaline solution and 

0.03 M KNO3 salt solution washing, in acidic and alkaline medium. 
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Figure 9.8: The zeta potential-pH behaviour of ZrO2 particles where (a) data from 

sedimentation technique (with 0.01 M NaOH alkaline solution and 0.025 M KNO3 salt 

solution washing) and (b) data of the same particle from Zetaprobe equipment according 

to Teh et al. [5]. 

 

(b) 
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Similar effect on the zeta potential-pH behaviour of the ZrO2 was found when the 

washing was done with 0.01 M NaOH alkaline solution and 0.025 M KNO3 salt 

solution (Figure 9.8). The pH of zero charge was found to be shifted towards alkaline 

medium, difference by ~3 pH unit. The conductivity value of ~3 mS/cm which is 

equivalent to 0.035 M of the 1:1 electrolyte gives a thickness of the electric double layer, 

-1
 of 1.62 nm calculated via -1

 = 0.304/[0.035] nm. The critical zeta potential 

characterized in both mediums remained the same, and similar to that obtained with 

0.01 M NaOH + 0.03 M KNO3 washing (see Figure 9.7). The zeta potential-pH 

behaviour obtained also mimicked very well to the one reported by Teh et al. [5]. They 

characterized a transition point of the same type of particle and at the same ionic 

strength, by using yield stress-square of zeta potential technique. Note that the data 

obtained from this technique corresponds very well with the reported “washed zirconia”.  

 

9.4 Conclusion  

 

 This new visual approach was able to characterize the point of flocculated-dispersed 

state transition by the manipulation of particles sedimentation properties. The critical 

zeta potential of dilute dispersions is found to be promising despite the magnitude being 

slightly higher than that determined via the yield stress-square of zeta potential 

technique. The calculated ratio of critical zeta potentials are in agreement with the 

values obtained via the yield stress-zeta potential technique. Having said this, re-

establishment of the technique is still needed for the viability of sedimentation method 

for determining critical zeta potential.  
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10.0 GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK 

 

10.1 General Conclusions  

 

The works described in this thesis achieved the general aims stated in Section 1.3. 

Systematic strategies were employed in order to address the correlation between 

molecular attributes and surface forces by using a series of well-defined structure of 

adsorbed additives, from the use of small, well-defined molecule of adsorbed additives 

progressively towards more complex adsorbed additives. These have been described in 

the body of work presented through Chapter 4 to 8.  

 

Chapter 4 described a work on the development of the conformational molecular 

structure-surface forces of pure enantiomeric and racemate malic acid. This work was to 

improve the predictive impact of malic acid as an effective steric additive. The adsorbed 

malic acid was found to be an effective steric agent as indicated by the large reduction 

in the maximum yield stress. This work showed that the stereoisomeric structure did not 

have a significant effect on the yield stress-pH behaviour. This work also discovered 

that steric agents have a limitation on their effectiveness, and this finding is first time 

ever enlightened that could contribute towards an efficient and optimum suspension 

industrial processing.  

 

Chapter 5 described a continuation work of the correlation development using a group 

of polyaminocarbonate compounds such as NTA, EDTA and EDDS. All the three 

additives were found to perform very effectively as a steric agent at low additive 

concentration, complete adsorption and high pH of maximum yield stress. The 
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predominant species at these pH levels showed via molecular modeling the presence of 

intra-molecular hydrogen bond in all three additives. This result reinforced earlier 

findings that intra-molecular hydrogen bond is an essential molecular attribute for an 

additive to be a steric agent. At high additive concentrations and low pH, NTA, EDTA 

and EDDS become insoluble. Precipitate bridging was responsible for the rise in the 

maximum yield stress at low pH for EDDS. However EDTA precipitate did not cause a 

rise. Precipitate bridging is quite a new phenomenon in suspension processing that not 

much is known about its effect on rheology. This is the first result that showed 

precipitate bridging does not always increase the yield stress.  

 

Chapter 6 described a continuation work from Chapter 5, where DTPA additive was 

used. The soluble DTPA additive significantly reduced the maximum yield stress of 

suspensions with 0.8 dwb% additive concentration caused the most reduction. DTPA is 

therefore an effective steric agent. DTPA is having “lying flat configuration” on the 

particle surface thus unfeasible for bridging. Having higher Mw and degree of 

branching did not make DTPA a more effective steric agent when compared to EDTA 

and NTA. The effect of changing the conformational structure of DTPA and EDTA via 

chelation with Fe(III), Cu(II) and Zn(II) forming a more rigid and compact structure 

produce a different effect on the yield stress. With EDTA chelates only steric effect was 

observed as these chelates do not have free charged groups. In contrast DPTA chelates 

have two free carboxylic acid groups that can participate in hydrogen bonding at low pH 

causing a rise in the yield stress.  

 

Chapter 7 described the fourth work on the the correlation development using a group 

of benzoic acid compounds. Salicylic, 3-hydroxybenzoic, 4-hydroxybenzoic, 3,4-

dihydroxybenzoic and 2,3,4-trihydroxybenzoic acids additives were found to perform 
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very effectively as a steric agent at low additive concentrations. This work was able to 

provide a more predictive explanation on precipitate bridging interaction in the 

literature that was unclear before, such as in terephthalic acid. At high additive 

concentrations and low pH, salicylic acid became insoluble and caused a 2.5-fold 

increase in the maximum yield stress which was attributed to precipitate bridging. 

Meanwhile, the 1.2-fold increase in the maximum yield stress at pH ~9 by 4-

hydroxybenzoic acid is due particle bridging as both the –OH and COOH groups are 

charged at this pH region. The location of these two groups on the benzene ring is ideal 

for particle bridging.    

 

Chapter 9 was attributed to a new challenge of surface force study where micron-sized 

graphene oxide (GO) was used as the adsorbed additive. Remarkably, adsorbed 

graphene oxide behaves as a very effective bridging agent for micron-sized platelet 

alumina particles in suspension causing a several folds increase in the yield stress. This 

is the first result that showed GO being suitable as a bridging agent. However GO is less 

effective in increasing the strength of the particle network of submicron-sized, spherical 

and irregular shape alumina suspensions.  

 

Lastly, Chapter 10 described a new method of determining critical zeta potential of 

pristine oxide dispersions which characterised the transition from flocculated to disperse 

state. This potential is a measure of the repulsive force that is equal and opposite to the 

maximum strength of van der Waals force. The new method exploits the difference in 

sedimentation behaviour of flocculated and dispersed suspension. The square of the 

critical zeta potential is proportional to the Hamaker constant of the oxide in water. The 

critical zeta potential obtained is generally higher that those obtained for yield stress-
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DLVO model. However, the ratio of the critical zeta potential between any given pair of 

oxide dispersions appeared to show better agreement.   

 

Concluding Remark 

All in all, knowledge gained through this study has contributed towards narrowing the 

current knowledge gap. By understanding how molecular attributes of adsorbed 

additives affect surface forces, the ability of selectively control the nature and strength 

of the surface forces in correlation with the key factors is possible thus creating a viable 

mechanism to control the properties of suspension. Furthermore, the investigation 

conducted by using a small molecule model system made the study less complicated 

and able to provide clear results. And, with the development of new scientific technique 

(Chapter 10), this would provide tool that will generate useful results that will 

eventually benefit human resource development.   

 

10.2 Recommendations for Future Work 

 

1. Some of the assumptions made in Chapter 4-8, such as 100% adsorption at the 

isoelectric point could have been verified by performing measurements (using 

spectroscopic techniques) of filtered samples, where the unbound additives could be 

determined. The protonation and deprotonation as a function of pH of the colloidal 

systems could be readily determined by potentiometric and conductometric titrations. 

These results could then be used to clarify the nature of interactions, for example 

hydrogen bonding versus electrostatic interactions, and their impact on the rheological 

properties.  
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2. Correlation study between direct yield stress measurement and AFM or SFA for 

molecular forces is an interest of on-going research. More revelation on the two 

techniques is suggested in the future work. 

 

3. The zeta potentials measurement reported in Chapter 4 are only for the DL-malic 

acid. It would be appropriate in the future work to include the data for the other two 

systems, where the yield stresses were reported. 

 

4. EDTA precipitate was found (in Chapter 5) not to affect the rheology of suspension 

with the possible reasons are (i) a mechanically weak precipitate and (ii) large 

precipitates being formed so that not enough material is available to reinforce all the 

particle-particle bonds in the network. The EDTA additive warrants further 

investigation to verify these possibilities.    

 

5. More effort should be invested in the quest to explain the mechanism responsible for 

the unclear phenomenon observed in Chapter 7. The effect of particle bridging in the 

systems should be further investigated via AFM measurement. Equally important, it 

would be useful to produce colloid particles that can be used for both the yield stress 

and AFM measurements as this would aid comparison between data obtained through 

the two techniques. 

 

6. The inability to obtain clear justification of the observed flocculated state when the 

zeta potential readings were large and negative, in the range of -60 to -80 mV warrants 

further investigation (Chapter 9). Further work should include the determination of 

Hamaker constant. Moreover, in order to compare the Hamaker constant value obtained 
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from two different experimental techniques, the Hamaker constant should also be 

calculated from contact angle measurement. 
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Figure 4.1: The effect of pH on solubility of 0.4 dwb% DL-malic acid in water (without 

the presence of the solid particles) in terms of (a) NTU unit and (b) solubility images. 

 

 

Figure 4.1(a) and (b) shows the effect of pH on the solubility of 0.4 dwb% DL-malic 

acid in water, without the presence of solid particles in terms of (a) NTU unit and (b) 

solubility images. The very low NTU values and clear liquids proved that malic acid has 

high solubility property, irrespective on pH condition. This highly soluble malic acid 

property has been reported by Max (2002), for the whole 0-14 pH range [1].  

 

 

Reference: 

[1] J.J. Max, C. Chapados, Infrared spectroscopy of aqueous carboxylic acids: Malic 

acid J. Phys. Chem. A, 106 (2002) 6452-6461. 
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