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Abstract 

Thickened tailings technology is implemented in some oil sands operations in order to recycle 

warm process water, thereby reducing net water draw, and to reduce the size of tailings impoundment 

areas. The rheology of thickened tailings is complex and time-dependent, and the underlying 

mechanism of rheological degradation (J.M. Treinen and R. Cooke, HYDROTRANSPORT 18, BHR Group, 

Cranfield, UK, 487-499, 2010) is not well understood. In the present study, the time evolution of the 

particle size distribution (PSD) and vane yield stress of a kaolinite dispersion mixed with polymer 

flocculants is examined as a function of shear energy input. Size distributions are obtained using the 

Focused Beam Reflectance Measurement technique. The shear energy input was quantified with the use 

of a large-volume, customized concentric cylinder shearing apparatus which allowed for the testing of 

about 300cm3 of flocculated tailings per experiment.  

It was found that decreases in vane yield stress and aggregate size were correlated with energy 

input when acrylamide polymers were used as flocculants. In particular, very large aggregates appeared 

to break down to produce a significant population in the 10-100µm size range as shear energy input was 

increased, which was seen in other studies, e.g. Vaezi et al. (J. Colloid Int. Sci, 355, 96-105, 2011), who 

observed both size and structure (porosity) changes. A decrease in apparent volume is the main 

mechanism for rheological degradation of acrylamide flocculated thickened tailings. Lowering the slurry 

pH before flocculation from 8.5 to 7.0 resulted in a much greater equilibrium yield stress; however initial 

rates of yield stress decay and floc degradation were unaffected. Dual polymer flocculation with 

Magnafloc® LT27AG and HyChem HyperFloc CD650 resulted in increased rates of decay in both rheology 

and size distribution. Data obtained for non-conventional polymers (e.g. PEO) demonstrate the potential 

for elastic polymer structures to flocculate in high shear environments and the importance of other 

factors (aggregate shape, zeta potential) which require further investigation. 
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Chapter 1: Introduction 

1.1 Oil sands overview 

In 2009, the Alberta Energy Regulator (AER) issued Directive 074 to create strict regulations in 

an effort to make oil sands operations more environmentally sustainable. The overall goals of Directive 

074 were to reduce the production of fluid fine tailings, reduce the size of current tailings ponds, and 

decrease net draw from the Athabasca River, while producing highly dewatered tailings suitable for 

relatively rapid land reclamation1. Fluid fine tailings are a byproduct of mining operations and consist of 

fine particles, defined as particles with diameters less than 44𝜇m. Due to their small diameters, fine 

particles experience competition between body forces and surface forces. At a certain pH, aqueous 

environment and hydrodynamic conditions these particles will form stable colloidal suspensions and 

require a large volume of storage space. Despite efforts to reduce fluid tailings, oil sands operators have  

not met the targets set out in their applications and inventories of fluid tailings have continued to grow. 

As a result, oil sands operators were required to submit strategies outlining their plans to meet the 

required levels of fines capture set out by the Alberta Energy Regulator. 

In March 2015, the Government of Alberta released the Tailings Management Framework (TMF) 

for Mineable Athabasca Oil Sands while at the same time suspending Directive 074.2 The TMF was 

created to provide direction to the AER on regulating fluid fine tailings volumes and oil sands operators 

are now no longer obliged to meet the requirements outlined in Directive 074, but are expected to 

continue working towards progressive tailings management strategies while the specific goals of the 

TMF are developed2. The TMF is working towards setting achievable goals of fines capture and aims to 

set limits of total volume of accumulated fine tailings during mine operation and have these tailings in a 

reclaimable form within 10 years of the end of the mine life. The amount of fluid tailings which can be 

accumulated is referred to as the Total Volume Limit, and operators which surpass this amount of 
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accumulated tailings will receive severe penalties as it poses both environmental risk and potential long 

term liability. In essence, the overall goals of TMF and Directive 074 are the same and will require oil 

sands operators to reduce fluid fine tailings which will require implementation of new technologies in 

order to convert fluid fine tailings to trafficable deposits used for land reclamation. 

The strategies used in dewatering of fluid tailings involve a wide variety of process equipment 

which will depend on the specific requirements of each mining site or tailings area3-9.  Table 1.1 lists 

each operator’s strategy to capture fines in accordance with Directive 074 from 2013. In 2012 the 

Consortium of Tailings Management Consultants (CTMC) released a report called, Oil Sands Tailings 

Technology Deployment Roadmap, which outlines the process equipment currently being implemented 

in the oil sands10. Nearly all of these strategies involve injection and mixing of polymer flocculants which 

bind fine particles together through molecular bridges11 forming large fractal aggregates called flocs12. 

The formation of flocs causes de-stabilization of clay suspensions which allows recovery of water. In 

addition to recovering water, the flocs will increase the solids concentration of the tailings deposits 

which produces a high yield stress mixture. Injection of polymer flocculants can be in-line or can be done 

in large mixing vessels after which the concentrated mixture must be pumped to a designated disposal 

area where additional drainage occurs through shear from beaching, under drainage, and environmental 

effects (drying)10,13. Maintaining a high yield stress is crucial to avoiding deposition of coarse particles in 

laminar pipeline transport of the slurry14,15 while also having adequate strength to be used in land 

reclamation efforts, which requires yield stresses > 10 kPa1. 

Though one of the benefits of using flocculants for thickening tailings is an increase in yield 

stress, in practice this is not a permanent change. In fact, once the tailings are transported in a pipeline, 

the rheology changes, reducing the slurry's yield stress and at least partially off-setting this benefit. 

Predicting the rheology change of such complex mixtures has proven to be difficult and currently only  
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Table 1.1: List of oil sands operators and their tailings management technology being implemented as of 
the June 2013 Directive 074 reports.  

 

Operator – Mine Site Technology (date of implementation) Cumulative fines capture 
goal 

CNRL – Horizon Mine3 -Non-segregating tailings (NST) (2015) 
-Thin-lift dewatering (TLD) (2015) 

December 2025 

Imperial Oil Resources Ventures 
Limited Kearl Oil Sands Project4 

- Flotation tailings thickener (2016) 
- Thickened tailings solvent recovery 
unit will deposit tailings in pit (2018) 

December 31, 2023 

Shell Canada Jackpine Mine5 -Thickened tailings (2010 – end of mine 
life) 
-Fluid tailings centrifugation (2014-
2027) 
-Non-segregating tailings (2027 – end of 
mine life) 

December 31, 2019 

Shell Canada Muskeg River 
Mine6 

-Atmospheric fines drying (AFD) (2013) 
-Composite tailings (CT) technology 
(2012) 
-Non-segregating tailings (NST) (2019) 

2023 

Suncor7 mature fine tailings drying (MFTD) 
technology and tailings reduction 
operations (TRO) 

December 31, 2021 

Syncrude Canada Aurora North 
Mine9 

- Composite tailings (CT) technology  
- Will develop additional fines capture 
technology and implement (2017) 

2030 

Syncrude Canada Mildred Lake 
Mine8 

- Using composite tailings (CT) 
technology  
- Centrifuges and thin lift deposition to 
be used commercially by 2015 

2023 

 

 

empirical studies, which demonstrate a general power-law type decay in rheology of these mixtures can 

be found in literature16-18. Initial yield stresses and extent of rheological degradation vary significantly 

from one batch of tailings to another and a more quantitative model that takes into account physical, 

chemical and hydrodynamic conditions of the mixture has yet to be developed. The present study is 

focused on providing new research results in this area. 
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1.2 Context and Research Objective 

Studies have demonstrated that rheological degradation of tailings is directly related to the 

amount of shear energy input into the tailings during transport and show a power-law type degradation 

under all conditions examined17,18. In addition, Treinen and Cooke (2010)16 demonstrated that the 

degradation is not affected by the shearing device used and is only dependent on the amount of shear 

energy input. However these studies were empirical in nature and many fundamental aspects are still to 

be explored. In order to predict yield stress, knowledge of solids volume concentration19,20, 

mineralogy21, pH22, water chemistry23 and chemical additives11,24,25 are essential. Coarse particles are 

generally not porous and hence have a constant volume and can be assumed to have a constant size 

when being pumped in a thickened tailings mixture through a pipeline. Fine clay particles exhibit more 

complex behaviour and can have up to three faces of varying surface chemistry. Each surface can be 

negative, neutral or positive in charge depending on water chemistry26. Consequently clay particles can 

form structural networks called flocs and can associate in different configurations depending on pH and 

ion concentration27,28.  The water chemistry and pH affects floc structure and also mixture rheology. For 

example the maximum yield stress of a fine clay particle suspension occurs at the pH of the iso-electric 

point of the edge29. In addition, polymer additives can form alter structure and rheology through 

bridging, charge neutralization and other forces11,24,30-33. Vaezi et al. (2011)34 showed that a dilute 

kaolinite suspension flocculated with a high molecular weight anionic polymer forms flocs that are 

increasingly porous with size. In that study, the largest flocs (>400𝜇m) were found to have porosities of 

approximately 95%. Flocs between 200-400μm in diameter had porosity values between 60-90%. 

Recently, Klein (2014)35 found that excessive mixing of tailings during flocculation with high molecular 

mass anionic polymers leads to dramatic size reduction of flocs. Flocs formed by charge neutralization 

with the use of cationic polymers results in smaller, dense and more rigid flocs when compared to those 
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formed by high molecular weight anionic polymers24,32,33. Non-conventional poly(ethylene oxide) 

produces large robust flocs which densify when subject to shear thereby increasing yield stress11.  

Given the dramatic differences in floc properties produced by various polymer flocculants and 

the importance on yield stress thereof, it is logical that the effects on time-dependent rheology of these 

various additives should be explored. Current empirical studies on rheological reduction have only 

investigated the phenomena for tailings flocculated with anionic acrylamides, and no quantitative study 

exists for tailings flocculated with cationic polymers or poly(ethylene oxide). In addition there is no study 

in literature which examines changes in particle size distribution (PSD) of flocculated aggregates and 

their effect on rheology. 

Hence the goals of the present study are to determine: 

 The relationship of floc size and rheology of a polymer-flocculated kaolinite paste as a function 

of energy input 

 The effects of polymer type and structure on the relationship between floc size and rheology 

changes  with energy input on polymer-flocculated kaolinite paste 

 The effect of pH on both floc size reduction and rheology of a polymer-flocculated kaolinite 

paste as a function of energy input 

The most important activities required to fulfill the research objectives include the following: 

 Construction of a concentric cylinder shearing apparatus capable of accommodating large 

volumes of paste. This apparatus is used to control the energy input into the mixture; 

 Create shearing protocols which give a broad range of energy inputs; 

 Develop a method to consistently reproduce a concentrated homogenous paste of polymer-

flocculated kaolinite from a dilute kaolinite suspension (8% wt.); 
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 Experimentally measure a broad range of yield stresses of 41% wt. paste using a vane 

viscometer 

 Develop a method for Focused Beam Reflectance Measurement (FBRM) chord length 

measurements. In particular, the following guidelines must be met: 

o Minimal amount of shear energy input into the system during chord length 

measurements such that the size measurement is not affected; 

o Ensure that the measurement protocol does not  alter the floc size; 

o Reproducible chord length measurement at a known solids concentration must be 

obtained. 

1.3 Thesis Contents 

 The thesis contains five chapters, including the current chapter. The second chapter is a 

literature review, which contains an overview of relevant literature and the importance of the 

contributions of the present study. Chapter 3 contains a list of materials, while Chapter 4 and 5 contain 

results and discussion, and conclusions respectively. 

 Chapter 3 also contains all procedures, materials, and equipment used throughout the thesis. 

The materials section contains all information regarding materials used and the supplier from which 

they were obtained. The equipment section lists information regarding all equipment/instrumentation 

used in the experiments, their dimensions and any other relevant information. A large portion is 

directed to the description of a customized concentric cylinder shearing apparatus which was 

constructed specifically for this experiment. The sub-chapter on procedures includes protocols for vane 

rheometry measurements, paste shearing, focused beam reflectance measurements and flocculation 

experiments. Due to the unique application of FBRM, a section of the appendix is dedicated to the 
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validation of the experimental technique and contains supplementary experiments and statistical 

analysis using Matlab. 

 Chapter 4 discusses the results of the experiments for all conditions tested and their relevance 

in the current literature. This chapter is focused on the importance of floc size reduction as a function of 

shear energy input and the relation to reduction in yield stress of the mixtures studied. It also covers the 

importance of polymer selection and mixture chemistry on floc size and yield stress reduction. In 

addition, it discusses the importance of non-conventional poly(ethylene oxide) and the need for added 

research into its distinct rheological properties. Lastly, the concepts are tested against real tailings to 

demonstrate their validity. 

 The fifth chapter contains an extended discussion and concluding remarks. The discussion 

covers the significance of the present study in the current literature and how the study can be used to 

fuel a new stream of research. In addition methods of improving the procedures and recommendations 

for future work are included.  

1.4 Contributions 

 The underlying mechanisms of time-dependent rheology are not well understood and predicting 

rheology of tailings can be difficult. Presented here are some mechanisms of time-dependent behaviour 

and methods of predicting the behaviour using fundamental properties of a mixture, such as particle 

size, size distribution, initial yield stress, polymer type and mixture chemistry. It also provides the design 

of an instrument which can be used to accurately characterize the time-dependent behaviour of tailings 

without the use of a thickener and, in addition, does not rely on concentric cylinder viscometer 

measurements. Although the time dependent behaviour can be examined using a concentric cylinder 

viscometer, the effects of slip do not provide the true material property of the mixture. In addition, 
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subsequent yield stress measurements cannot be taken on a mixture sheared in a benchtop concentric 

cylinder rheometer due to lack of volume. 

 Finally, the present study outlines the importance of studying flocculation as a function of 

mixing energy  to be scalable to industrial applications. Simple studies which including mixing time and 

spindle angular velocity do not suffice and are qualitative at best. 

 The study provides a new stream of research to be examined and offers a wide range of future 

work to be done. With enough added research, the concepts obtained from this study can provide 

methods to accurately predict tailings rheology in an industrial setting using in-line measurements of 

particle size, size distribution and solution chemistry.  
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2. Literature Review 

2.1 Introduction 

 This chapter consists of a practical review of the most relevant literature related to the 

characterization of a fluid-particle system – in particular a flocculated kaolinite clay suspension. First, 

methods of characterizing fine-particle suspensions are discussed, with a focus on particle size and 

rheology measurements, as they pertain to the experimental results of the present study. The system 

characterization literature was pivotal for the present study, in particular for developing reproducible 

procedures. A basic understanding of rheology – from a primarily practical point of view – is necessary 

for interpretation of the results presented in Chapter 4. Specifically, a thorough breakdown of factors 

that affect suspension rheology – particle diameter, surface chemistry and volume concentration, 

chemical additives such as polymers and water chemistry – are discussed in relation to this project. The 

relationship between floc structure and rheology will be established. In addition, the effects that 

polymer type and structure have on clay floc formation and suspension rheology are reviewed. 

 Finally, the additional complexity that shear adds on the previous list of factors affecting 

suspension rheology will be discussed. The effect of shear on flocculated suspensions is typically time-

dependent and is affected by polymer additives, and other suspension properties such as particle size 

distribution and mixture chemistry. Previous work in this area is limited and mostly qualitative 

(described in terms of mixing times, not shear energy) and the importance of this work to the 

development of the present study is provided in Section 2.4. 
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2.2 Fine-particle suspension characterization 

2.2.1 Floc size  

 Floc size can be measured using a variety of methods, and the appropriate method depends 

entirely on the application and the type of information required. Some experiments may require particle 

shape factors which will require visual imaging, whereas others may only be interested in particle 

diameters, which can be obtained through a variety of methods. Considerations must be made based on 

the fundamental limitations of the measurement technique as well as the implications of the 

experimental procedures – for example, sampling technique and shear forces imparted on the flocs. 

Typical methods are laser diffraction experiments and visual imaging36 and more recently focused beam 

reflectance measurement (FBRM)37.  

Laser diffraction experiments are an excellent tool for in-line measurements of dilute 

suspensions, as a stirred sample can be directly fed to the detector through a feed tube. An illustration 

of this system is shown as Figure 2.1. In this technique, small particles scatter light at high angles 

whereas larger particles will scatter light at much smaller angles38. The diffracted light can be measured 

and converted to a size distribution; however; is not a direct measurement of particle size. This 

experimental technique has been used to monitor flocculation as well as monitoring fractal dimensions 

of flocs38-40.  There are several drawbacks of this experimental technique in the context of the present 

study. The sample must be homogenous and hence in the presence of settling particles, the slurry must 

be subject to pre-mixing of the sample in order to achieve homogeneity. As a consequence, mixing 

energy is added to the system which alters floc size35. In addition, as the sample is drawn through the 

narrow tube, the flocs are subjected to very high shear rates, and the effect of shear on reducing floc 

size is well documented35, thus altering the sample and influencing the size measurement. Samples must 

be very dilute, which for  



 

11 
 

  

 

Figure 2.1: (LEFT) Dynamic light scattering instrumentation showing premixing chamber with feed tubes 
to the detector (RIGHT) Focused beam reflectance measurement showing direct immersion of probe 
into the mixture 

 

the present study, contributes to the uncertainty of the measurement given that the samples will be 

very dense (approximately 41% by mass).Vaezi et al. (2011)34 used image analysis to monitor the floc 

size of very dilute kaolinite suspensions flocculated with an anionic acrylamide (Magnafloc® 1011). The 

advantage of using image analysis is that it provides a particle image from which a diameter can be 

obtained and does not require the conversion of a signal to a cross-sectional diameter. In addition, the 

amount of shear can be minimized by modification of the experimental apparatus and sampling 

technique. However, in order to obtain clear images, a very dilute suspension must be used, and analysis 

can be very time consuming when large populations of particles are required (e.g. when producing a size 

distribution), or when a large number of samples are being analyzed. 

 Focused beam reflectance measurement (FBRM) has been used since the 1990s in the paper 

industry to optimize flocculation and has been used to study floc strength by monitoring flocculation, 

de-flocculation and re-flocculation37,41-43. The apparatus consists of a probe which is directly immersed 

into a stirred mixture as shown in Figure 2.1, thus eliminating the high shear experienced in the feed 
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tube in laser diffraction experiments. The probe tip contains a 780nm laser which oscillates in a circular 

path at very high speeds. The backscattered light is used to generate a chord length distribution based 

on the cross-sections of particles in the circular path of the laser. Due to the high rotational speeds, 

FBRM can count thousands of particles per second when producing size distributions. One of the 

disadvantages of FBRM is that it does not provide a true particle diameter, but rather a chord length 

taken along the path of the laser and for this reason should only be used when measuring a trend (e.g. 

optimizing flocculation). Yu and Erickson (2008)44 outlined some of the limitations when using FBRM for 

size analysis and found that the reported size is affected by solids volume concentration and may suffer 

from counting overlapping particles as one particle, hence reporting a greater apparent chord length. 

However, FBRM is very practical for measuring changes in size or size distribution and can be applied to 

dense mixtures up to 40 % by mass. In addition, FBRM has recently been used by Klein (2014)35 for 

optimizing flocculation of oil sands tailings. 

 In the present study, FBRM was selected to obtain size distributions of the mixture because it is 

the change in particle size and size distribution that is of greatest importance. In order to minimize shear 

energy input into the sample, a ‘paste-drop’ method is employed which involves dropping a desired 

amount of paste into stirring water rather than pre-stirring a mixture. This procedure is explained in 

detail in Chapter 3. Laser diffraction experiments were not used due to the fact that this method 

introduces an unquantified amount of shear which can break down (destroy) flocs35, making it 

impossible to measure the un-altered sample. Image analysis was not used due to the complexity of 

sampling, sample dilution and data processing and would not be practical given the large number of 

counts required to produce each size distribution. 

The population of particles can be viewed as a particle size distribution, either as a differential 

frequency or a cumulative distribution which can provide qualitative information with regards to the 
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population such as number of modes and the shape of the distribution which are not provided by a 

mean particle diameter45. Using a differential frequency distribution is essential when making 

measurements of individual particles which are classified by bin size or when converting distributions46, 

which is the case for FBRM raw data. The y-axis of this distribution is denoted dF/dx, where ‘F’ is 

frequency, and ‘x’ is bin size. In order to produce cumulative distributions, the integral of differential 

frequency is taken (𝐹 = ∫
𝑑𝐹

𝑑𝑥
𝑑𝑥) , and the y-axis is denoted F. 

 In order to describe a population of particles, several different particle mean diameters can be 

used, and the appropriate one will depend on the type of size information produced and on the specific 

application for which a mean diameter is needed. The number volume mean, d[3,0] is defined as47:  

𝑑[3,0] = (
𝛴(𝑛𝑖𝑑𝑖

3)

𝛴𝑛𝑖
)

1/3

                                                                   (2.1) 

In the present study, number volume mean tracks the fragmentation of the larger flocs effectively. 

Sauter mean diameter, d[3,2], is defined as34: 

𝑑[3,2] = (
∑(𝑛𝑖𝑑𝑖

3)

∑(𝑛𝑖𝑑𝑖
2)

)                                                                    (2.2) 

Sauter mean diameter tracked floc size but was mostly unaffected by the presence of fragmentations 

and kaolinite particles. This mean diameter was used to optimize flocculation due to the volume term in 

the numerator, and in some statistical analysis of ‘paste-drop’ experiments as it tracked the 

homogenization of the mixture with greater sensitivity. A more detailed description of the use of those 

mean diameters is presented in Sections 4.2 and Appendix B and C. 
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2.2.2 Rheology 

Within the field of rheology, there are two main classifications of fluids – Newtonian and non-

Newtonian fluids. Newtonian fluids are defined by a linear relationship between shear rate ( ) and 

shear stress (τ), where the proportionality constant is the viscosity, μ48. Non-Newtonian fluids can be 

time-dependent or time-independent. Time-independent non-Newtonian fluids can fall into one of 

many classifications – dilatant (shear thickening), pseudoplastic (shear thinning) and Bingham just to 

name a few, shown qualitatively in Figure 2.2. Couette flow is used in the present study in the concentric  

cylinder shearing apparatus and an understanding of the behaviour of fluids with yield stresses in this 

geometry is required. 

The Bingham fluid model is applied in present study, as the Bingham yield stress is a fitted 

parameter commonly used in Couette (concentric cylinder) flow. Bingham fluids require a minimum 

amount of stress to initiate flow, known as the Bingham yield stress49. For a Bingham fluid, or any fluid 

with a yield stress, this is the point of transition between solid-like and fluid-like behaviour22. The 

constitutive relationship for Bingham fluids in Couette flow is49: 

𝜏 − 𝜏𝐵 = −𝜇𝑝
𝑑𝑢

𝑑𝑟
                                                                       (2.3) 

The Bingham yield stress is denoted τB, while ‘u’ is the fluid velocity in the tangential direction and ‘r’ is 

the radial position. The proportionality constant between shear stress and shear rate after flow is 

initiated is called the Bingham plastic viscosity, denoted µp. The integrated equation for Couette flow of 

a Bingham fluid is defined as49:  

𝜔 =
𝑇

4𝜋𝐿𝜇𝑃
[

1

𝑅1
2 −

1

𝑅2
2] −

𝜏𝐵

𝜇𝑃
𝑙𝑛 (

𝑅2

𝑅1
)                                                       (2.4) 
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Figure 2.2: Qualitative rheogram showing basic time independent rheological classifications  

 

In this equation, ω is angular velocity (rad/s), T is torque (N·m), τB is Bingham yield stress (Pa), μP is the 

plastic viscosity of the fluid (Pa·s), R1 and R2 are the inner and outer radii of the fluid filled annulus (m) 

and L is the length of the rotating spindle (m). The physical dimensions relevant to Equation 2.4 are 

represented in the illustration shown in Figure 2.3. Direct measurement of yield stress is generally not 

possible due to lack of data at low shear rates, and in the case where low shear rate data is available, 

instrument limitation such as wall slip may lead to an inaccurate result50. In dilute colloidal systems, wall 

slip arises from a thin annulus of fluid existing between the particles and the wall of the test geometry 

and thus the particles interact weakly with the wall51. For concentrated suspensions, the local 

concentration of solids is lower near the wall than in the bulk mixture. When the mixture is sheared,  
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Figure 2.3: Illustration of physical dimensions relevant in Couette flow 

 

a large velocity gradient is produced in this region as a result of lowered viscosity near the wall resulting 

in apparent wall slip52,53. Since low shear (low velocity) measurements cannot be made for Bingham 

fluids in Couette flow, Bingham yield stresses are obtained by fitting Equation 2.4 to a set of torque-

angular velocity data52. It is important to remember that shear stress across the gap is not constant and 

that a minimum torque is required for complete shearing54:  

𝑇𝑚𝑖𝑛 = 2𝜋𝑅2
2𝐿𝜏𝐵                                                                       (2.5) 

Here R2 is the outer radius, L is the length of the cylinder wall and τB is the Bingham yield stress. It is very 

important that the Bingham yield stress be used in Equation 2.5, and should not be confused with vane 

yield stress. Unfortunately, this method provides a yield stress value which can be as much as 5 times 

the true yield stress50. The key difference is that vane yield stress is a true property of the fluid and is 

independent of any fluid model, whereas Bingham yield stress is a fitted property55. In addition, 
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measurement of Bingham yield stress of shear-sensitive mixtures may not be possible due to the high 

rotational velocities required and the resulting shear energy imparted to the mixture. Hence, in the 

present study, concentric cylinder geometries will not be used to obtain rheological data and will only be 

used to quantify shear energy input. 

As previously stated, non-Newtonian mixtures can be time-dependent in which case they could 

be classified as thixotropic (decrease in rheology with time) or rheopectic (increase in rheology with 

time) and can be reversible or irreversible49. Normally, if one could experimentally determine the 

Bingham yield stress and plastic viscosity, the minimum angular velocity for complete shearing across 

the gap can be obtained. However, due to the time-dependent behaviour of polymer-flocculated 

suspensions, the Bingham yield stress is reduced during an experiment as shear energy is imparted to 

the mixture. An alternative approach to determine complete shearing across a gap can be identified 

when there is a power-law decay in rheology, observed by Treinen et al. (2010)16 and Salinas et al. 

(2009)18. Both authors used concentric cylinder geometries to study the effect of energy input of 

flocculated tailings from several mining sites. They determined that complete shearing was obtained 

when a strict power-law decay was observed after the maximum spindle speed was obtained. This 

technique is employed in the present study to select an appropriate angular velocity for shearing 

experiments to ensure the mixture is sheared uniformly. 

As a result of the drawbacks associated with Bingham yield stress measurements for time 

dependent fluids, vane yield stress will be used as the main parameter for characterizing the mixture 

rheology in the present study. Vane yield stress measurements are discussed in the following section. 

 

 



 

18 
 

2.2.3 Vane Yield Stress 

For fluids with yield stresses greater than 20 Pa, the most reliable method of analyzing yield 

stress is with vane rheometry55.  To obtain yield stress information, a vane should be set to very low 

angular velocity (less than 0.5 RPM)56, and the maximum measured torque can then be related to the 

vane yield stress through the equation developed by Nguyen and Boger (1983)55: 

𝑇𝑚 =
𝜋𝐷3

2
(

𝐻

𝐷
+

1

3
) 𝜏𝑉                                                               (2.6) 

where D is the diameter of the vane, H is the height of the vane and τv is the vane yield stress. The 

maximum torque in Equation 2.6 is taken as the peak torque value from a torque versus time graph 

produced during a vane yield stress experiment, shown as point ‘A’ in Figure 2.4. Nguyen and Boger 

(1983)55 also recommend that, to minimize effects caused by the walls of the container, the mixture 

depth must be twice the vane height (H), and the diameter of the container must be at least twice that 

of the vane diameter (D). 

Vane yield stress measurements have been recently used in several fundamental studies in the 

characterization of polymer-flocculated clay suspensions11,24,31 as well as in the characterization of fine 

particle suspensions in the absence of polymer flocculant21,57,58. This technique has also been used in the 

study of rheology reduction conducted by Gillies et al. (2012)17 when thickened oil sands tailings were 

flocculated with anionic acrylamide polymers. 

The vane technique is used in the present study to characterize the rheology of the mixtures for 

three reasons. As discussed above, it has been commonly used in the study of polymer-flocculated clay 

suspensions, kaolinite suspensions, and real tailings. Also, because the angular velocity of the vane is 

very low, it does not add an appreciable amount of shear energy to the system. Finally, the vane yield 

stress is a material property; it is not affected by slip or particle size and is a far more reliable  



 

19 
 

 

Figure 2.4: Qualitative diagram of yield stress measurement showing: A -Maximum Torque - B 
Equilibrium Torque 

 

method of characterizing yield stress than concentric cylinder viscometry, particularly for mixtures with 

high yield stresses (τ>20 Pa)55 which will be encountered in the present study. 

2.3 Factors affecting suspension rheology 

2.3.1 Overview 

There is no stringent definition of ‘fine particles,’ but the implication is that the particles are 

small enough (and have a sufficient surface area to volume ratio) to exhibit colloidal behaviour59. 

Masliyah (2004)60 defines fine particles in the oil sands as those which have a particle diameter less than 

44µm. The key distinction between fines and coarse particles is that as particle size decreases, the 

surface area to volume (or mass) increases, and as a result the surface forces begin to dominate over 

body forces. The two main components of the surface forces are described by the well-known DLVO 

theory, where the summation of van der Waals forces and electrostatic double layer forces provides the 
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total particle interaction force61-64. Whether the attractive or electric double layer forces dominate will 

depend on the pH, water chemistry, and the size and surface chemistry of the particles involved. When 

van der Waals forces are greater than the repulsive double layer forces, the particles coagulate and are 

able to form three dimensional structural networks which contribute to the yield stress of a mixture22,65. 

In the event that the repulsive forces dominate, inter-particle associations which lead to three 

dimensional structures are limited and a stable suspension is formed66. Other non-DLVO forces can 

contribute a system’s rheology, particularly when dealing with polymers. These non-DLVO forces include 

bridging, depletion, charge neutralisation and hydrophobic forces and are discussed in Section 2.4.1 and 

2.4.2. The impact of surface forces on suspension rheology is discussed in this Chapter. 

The rheology of a fine particle suspension is also dependent upon solids on volume 

concentration. Some literature describing the importance of volume concentration on suspension 

rheology is discussed first, followed by a review of the effects of particle size and surface forces on 

rheology. 

2.3.1 Volume concentration 

One of the main contributors to the rheology of a system is the volume fraction of solid particles 

present in the system. Thomas (1961)21 developed a correlation between Bingham yield stress and 

particle properties from 20 different fine particle suspensions including thorium oxide, kaolinite, 

titanium oxide, aluminum oxide, graphite, magnesium and uranium oxide and observed relationships 

between Bingham yield stress and particle size and volume fraction. Thomas (1963)67 found that the 

yield stress was dependent on particle diameter, Dp, volume fraction, Cf, and a dimensionless shape 

factor, ϕ21: 

𝜏𝐵 =
𝐴𝜑𝐶𝑓

3

𝐷𝑝
2                                                                             (2.7) 
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The coefficient A is an empirical constant and must be determined when fitting the data. The shape 

factor accounts for increases in surface area due to particle asymmetry. Coussot and Piau (1995)19 

suggested an exponential correlation with two coefficients, where ‘A’ and ‘B’ are determined 

experimentally for a given set of conditions: 

𝜏𝐵 = 𝐴𝑒𝐵𝐶𝑓                                                                         (2.8) 

Shook et al. (2002)20 fitted data from several mature fine tailings samples to develop an exponential 

correlation: 

𝜏𝐵 = 𝑒13𝐶𝑓                                                                         (2.9) 

As the aforementioned examples illustrate, the yield stress of a fine particle suspension cannot be 

predicted until the coefficients are determined experimentally. 

 Despite differences between the relationships provided above, the volume fraction of fines, Cf, 

is the dominant term and hence yield stress will be most sensitive to this parameter. In the present 

study, volume fraction of fines is kept constant in order to compare the impacts of other parameters, 

such as shearing and surface forces, on rheology. 

2.3.2 Particle diameter 

 The rheology of fine particle suspensions will also depend upon on the diameter of the particles 

present. Thomas (1961)21 found that for a wide variety of fine particle suspensions, the yield stress was 

related to 
1

𝐷𝑝
2 as, shown in Equation 2.7. This is the case for two reasons – firstly, as the particle 

diameter decreases the surface forces become more dominant and the particles can become 

flocculating under the appropriate conditions (e.g. pH, water chemistry, etc.), forming structural 
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networks which trap water. This effectively creates a larger apparent volume thus contributing to the 

yield stress of the mixture68. Secondly, as the surface area to volume ratio of the particles increases, the 

overall net forces between the particles per unit mass increase, which further augments the yield stress 

of the mixture58,69.  

 Zhou et al. (1999)58 studied fine particle alumina suspensions and also found that the yield stress 

was inversely proportional to the square of the particle diameter. In addition they found that the surface 

average diameter, ds, could be used to characterize the effects of particle size on yield stress of the 

mixture, thus confirming the importance of surface forces of fine particles on the yield stress of a fine 

particle suspension.  

 A study conducted by Leong et al. (1995)70 examined the effects of particle size on yield stresses 

of fine zirconia particle dispersions. Similar to previous work, the authors concluded that the rheology 

was dictated by particle size and was proportional to 
1

𝐷𝑝
2. In the event of more complicated size 

distributions, the authors recommend using the fine particle concentration to predict the rheology. 

Kapur et al. (1997)22 observed that yield stress increased with decreasing particle diameter for fine 

particle suspensions. In addition, for skewed or bimodal distributions, the rheology was largely dictated 

by the particles in the lower size range. 

 The contribution of small particles to the yield stress of a polymer-flocculated kaolinite 

suspension is crucial in the present study. As flocs are sheared they decrease in size35 producing 

fragmentations and free kaolinite particles. An understanding of the effect of fine particles on rheology 

is essential in interpreting time-dependent behaviour. A more thorough description of surface forces is 

described in the next section, with particular attention paid to kaolinite particles. 
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2.3.3. Surface forces 

Kapur et al. (1997)22 state that the presence of a yield stress implies a mechanically rigid 3D 

structure formed by the particles. In an earlier study, Michaels and Bolger (1962)68 experimented with 

kaolinite suspensions in water, and found that the yield stress was directly related to the volume 

fraction of flocs rather than the fine kaolinite particles. They proposed the Bingham yield stress was 

directly related to the square of the floc volume. Similarly, Pignon et al. (1997)71 studied the influence of 

volume fraction of floc structure in fine particle suspensions and their relation to yield stress. The 

volume fraction was found to influence the 3D structure of the flocs, which governs changes in yield 

stress of the suspension. The formation of these 3D structures arises from associations of kaolinite 

particles – mainly edge-edge and edge-face27 depending on the inter-particle forces. 

As mentioned previously, the type and magnitude of surface forces acting between particles will 

have a significant effect on suspension rheology, and thus an understanding of surface forces is highly 

relevant in the context of understanding the time-dependent behaviour observed in the present study. 

Specifically, Leong et al. (1993)69 concluded that vane yield stress of flocculated fine particle suspensions 

was directly related to inter-particle force. The magnitude of attractive van der Waals forces between 

spherical particles is dependent on the materials in question, their radii and separation distance, x61. The 

magnitude of van der Waals forces will be important in predicting rheology as increased inter-particle 

bonding will result in higher yield stresses. For any two spherical particles, the interaction energy in a 

vacuum can be quantified as follows61: 

𝑉𝑣𝑑𝑊(𝑥) = −
𝐴𝐻𝑅1𝑅2

6𝑥(𝑅1+𝑅2)
                                                                        (2.10) 

𝐹𝑣𝑑𝑊(𝑥) = −
𝐴𝐻𝑅1𝑅2

6𝑥2(𝑅1+𝑅2)
= −

𝑑𝑉𝑣𝑑𝑊

𝑑𝑥
                                                           (2.11) 

𝐴𝐻 = 𝜋2𝜌1𝜌2𝐶12                                                                           (2.12) 
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Here, AH is the well-known Hamaker constant, which quantifies the strength of the interaction between 

two particles, ignoring any effects of the medium. It is dependent on the relative concentration of atoms 

per unit volume, ρ1 and ρ2, and the coefficient of particle-particle interaction, C12
61.  

Lifschitz72,73 advanced this theory to predict Hamaker constants between two particles in a 

medium. In this instance, the particle-particle interaction energy is far more complicated and becomes 

dependent on refractive index of the material, η, its dielectric constant, ε, and the frequency at which 

the electron travels around the nucleus of an atom, νe. For particles of different materials ‘1’ and ‘2’ 

interacting in medium ‘3’, the Equation is an infinite series, of which the first two (and most dominant) 

terms are74: 

𝐴132 = (
𝜀1−𝜀3

𝜀1+𝜀3
) (

𝜀2−𝜀3

𝜀2+𝜀3
)

3

4
𝑘𝐵𝑇 +

3ℎ𝜈𝑒

8√2

(𝑛1
2−𝑛3

2)(𝑛2
2−𝑛3

2)

√𝑛1
2+𝑛3

2√𝑛2
2+𝑛3

2(√𝑛1
2+𝑛3

2+√𝑛2
2+𝑛3

2)
                     (2.13) 

When there are two identical materials interacting in any medium, Equation (2.13) becomes74: 

𝐴131 = (
𝜀1−𝜀3

𝜀1+𝜀3
)

2 3

4
𝑘𝐵𝑇 +

3ℎ𝜈𝑒

16√2

(𝑛1
2−𝑛3

2)2

(𝑛1
2+𝑛3

2)3/2
                                                         (2.14) 

An important consequence of Equation (2.14) is that two particles of the same material interacting in 

any medium will have a positive value for the Hamaker constant. In the context of the present work, 

kaolinite particles interacting in any medium will have a positive Hamaker constant and hence will 

always experience attractive van der Waals forces. 

In an aqueous, fine-particle suspension there will also be repulsive forces present in the form of 

an electric double layer surrounding the particle. Depending on the pH and water chemistry, the surface 

charge of colloidal particles can be positive, neutral or negative. This surface charge generates an 

electric double layer – the Gouy-Chapman model represent the double layer as a region in which there is 
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a statistically much higher concentration of counter-ions to screen the surface charge62. For low surface 

potentials (<25mV), the Poisson-Boltzmann model62 can be applied to characterize the double-layer:  

𝜆𝐷 = √
𝜀𝜀𝑜𝑘𝐵𝑇

𝑒2 ∑ 𝐶𝑖
𝑜𝑍𝑖

2
𝑖

= 𝜅−1                                                               (2.15) 

𝜑(𝑥) = 𝜑𝑜𝑒−𝑥/𝜆𝐷                                                                   (2.16) 

The decay length, known as the Debye length (λD = κ-1), is strongly dependent on the concentration (Ci) 

and valency (Zi) of salts as well as temperature. The term φ(x) is the potential at a distance ‘x’ from the 

surface and for solutions with high concentration and/or valence salts, the surface charge will be 

screened resulting in a compressed electric double layer. The potential energy and force resulting from 

the electric double-layer are62: 

𝑧 = 64𝜋𝜀𝑜𝜀 (
𝑘𝐵𝑇

𝑧𝑒
)

2
𝑡𝑎𝑛ℎ2 (

𝑧𝑒𝜑

4𝑘𝐵𝑇
)                                                   (2.17) 

𝑉𝑒𝑑𝑙(𝑥) = (
𝑅1𝑅2

𝑅1+𝑅2
) 𝑧𝑒−𝑥/𝜆𝐷                                                       (2.18) 

𝐹𝑒𝑑𝑙(𝑥) = −
𝑑𝑉𝑒𝑑𝑙

𝑑𝑥
= (

𝑅1𝑅2

𝑅1+𝑅2
)

𝑧𝑒−𝑥/𝜆𝐷

𝜆𝐷
                                               (2.19) 

Classic DLVO theory considers only attractive van der Waals forces and repulsive electric double-

layer forces between two surfaces in a liquid medium61-64. The total energy of the system defined by 

DLVO theory, VTot, can be expressed as the sum of van der Waals and electric double layer forces shown 

in Equation 2.20:  

𝑉𝑇𝑜𝑡(𝑥) = 𝑉𝑣𝑑𝑊(𝑥) + 𝑉𝑒𝑑𝑙(𝑥)                                                              (2.20) 

where ‘x’ represents the separation distance between two particles. For a given chemical environment, 

the total energy is a function of separation distance, x and is shown qualitatively in Figure 2.5.  
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Figure 2.5: Qualitative diagram illustrating classic DLVO theory 

 

 The rheology of fine particle suspensions is affected by DLVO forces. At constant solids volume 

concentration, the maximum yield stress of a fine particle suspension occurs at a pH referred to as the 

isoelectric point66,75,76. At the isoelectric point, the fine particles acquire a zeta potential of zero66. The 

zeta potential is the solid surface potential at the shear plane, the first layer of unbound molecules, of 

the surrounding liquid77. At a pH above or below the isoelectric point the particle surface is charged, and 

acquires a positive or negative zeta potential. At the isoelectric point the attractive van der Waals forces 

dominate, and the net attractive inter-particle forces are at a maximum as the electric double layer is 
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depleted. At appreciable zeta potentials (>20mV) colloidal particles may become stabilized due to 

overlapping double layers resulting in low yield stresses and very commonly, Newtonian fluid 

behaviour66. 

In the present study, a model clay is selected rather than real tailings in order to remove the 

effects of varying concentration, of particle size and size distribution, as well as differing mineralogy and 

chemistry, which vary from one site to another. Kaolinite is used in the present study due to its 

widespread abundance in ore bodies and its well characterized chemistry and morphology11,26,30,31,78,79. 

Kaolinite is a two-layer mineral and hence has two different basal faces26. One is composed of a 

tetrahedral siloxane layer and the other is an octahedral aluminium oxide layer26.  The basal face carries 

a negative charge due to isomorphous substitution of lower valence cations for Si4+ in the tetrahedral 

sheet or Al3+ in the octahedral sheet, shown in Figure 2.626. The basal plane has been shown to occupy 

90% of the surface area of kaolinite clays with the remaining 10% accounted for by the edge sites30. The 

overall isoelectric point of kaolinite particles occurs at a pH of ~278, and that of the edge, as determined 

by Braggs et al. (1994)80 occurs at a pH of 5.25.  Thus in the present study, where tests are conducted at 

pH values of 7 and 8.5, the particles will be inherently negative.  

 In summation, the pH of the medium will directly affect the surface properties of kaolinite 

particles. The surface charge of the faces of kaolinite will vary with pH and thus the strength of the 

repulsive electric double layer force will also vary with pH. The optimum yield stress of a kaolinite 

suspension occurs at the isoelectric point and decreases as pH deviates from it. In the present study, 

kaolinite suspensions are flocculated at pH 8.5 and 7. Given the data on isoelectric points of kaolinite, it 

is expected that the yield stress of well-sheared suspensions will be higher at pH 7 than at pH 8.5. 
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Figure 2.6: Tetrahedral siloxane lattice on top of octahedral aluminum oxide layer. Substitution of Si4+ 
for Al3+ is shown from left to right, bringing a permanent negative charge. 

 

2.3.4 Floc size & structure – “apparent” volume concentrations 

This section presents studies pertaining to the formation of flocs using polymer flocculants, 

typical sizes of these flocs, and their structural properties. The structure of flocs will be examined in 

terms of their strength and porosity-size relationships. As will be demonstrated in this section, the 

formation of porous flocs results in suspensions where the apparent volume fraction is significantly 

greater than the true solids volume fraction. The consequence is that as floc porosity increases, the 

suspension yield stress also increases  

The adsorption of high molecular weight polymers to a particle or floc is strong and essentially 

irreversible81. The polymer will preferentially adsorb to the outer surface of large flocs, leaving the 

interior of the flocs as well as small particles devoid of adsorbed polymer81. In order to obtain equal 

distribution of polymer throughout the flocs one must take advantage of floc breakage and reformation 

while slowly adding a dilute solution of polymer82. Numerous studies have demonstrated that slow 

addition of polymer will result in a more even distribution throughout the flocs and has been shown to 

result in larger and faster settling flocs83-85. 
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Studies86-88 have examined the structures of flocculated fine particles and have demonstrated 

their fractal nature which results in increasingly porous structures with increasing size. These studies 

have shown that as aggregate size increase, the effective density decreases via a power-law correlation 

of the form:  

𝜌𝑒𝑓𝑓 ∝ 𝐿𝐷𝐹−3                                                                            (2.21) 

In this equation 𝜌eff is the effective density of the aggregate, L is the diameter, and DF is the fractal 

dimension which is a fitted parameter. As DF increases, the particles are less porous and become more 

dense. Vaezi et al. (2011)34 studied the fractal dimensions of flocs generated in very dilute kaolinite 

suspensions at pH 8.5 flocculated with high molecular weight acrylamides (Magnafloc® 1011). In this 

study, floc sizes and densities were related using:.  

𝜌𝑎−𝜌𝐿

𝜌𝑝−𝜌𝐿
= 1 − 𝜀 =

3𝜌𝐿𝐶𝐷𝑉𝑎
2𝛺

4𝑔(𝜌𝑝−𝜌𝐿)𝑑𝑎
                                                              (2.22) 

Equation 2.22 assumes a spherical porous aggregate settling steadily in an infinite medium and has also 

been used in numerous other studies86,89-91. In this equation 𝜌a is the aggregate density,  𝜌L is the density 

of the liquid medium,  𝛺 is the advective flow correction factor, 𝜀 is the void fraction, CD is the drag 

coefficient, Va is the settling velocity in an infinite medium, g is the force due to gravity and da is the 

aggregate diameter. The study showed that during the early stages of the flocculation process, floc 

growth is the dominant mechanism. However, as the flocs are further subjected to shear, floc breakage 

becomes more significant. As larger flocs are broken and pseudo-equilibrium between floc growth and 

fragmentation is established, the average floc size stays relatively constant. The study also found that 

large aggregates (with diameters > 400𝜇m) had porosities between 90-95%. Additionally, a sharp 

decrease in porosity was observed for aggregates below 400𝜇m in diameter. This porous nature of flocs 

results in a dramatic increase in the apparent volume of the solids in the mixture, and may be 
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responsible for the dramatic increase in yield stress of polymer flocculated mixtures observed in many 

studies11,24,31,33. Klein (2014)35 flocculated dilute mature fine tailings (MFT) with Hychem AF246 (a high 

weight anionic acrylamide) with an overhead stirrer while monitoring size using FBRM and observed an 

initial increase in size during polymer addition, followed by a decrease in mean diameter to equilibrium 

after one hour.  

The initial increase in floc size upon polymer injection, followed by a decrease to an equilibrium 

condition, can be explained as follows. As flocculation progresses, growth rates will eventually be 

slowed for two reasons - the existing flocs will be broken due to disruptive shear forces92, and the 

collision efficiency decreases as particles become larger93. Floc breakage will be strongly dependent on 

the intensity of the shear and on the floc strength94. Flocs formed from high molecular mass bridging 

polymers tend to be stronger than those produced by charge neutralization or destabilization through 

inorganic salts95. Flocs formed by high molecular mass polymeric flocculants tend not to re-form when 

they are broken down, which may be the result of polymer chain scission or re-conformation of polymer 

at the particle surface95. On the other hand, flocs formed through charge neutralization seem to readily 

reform after breakage95. Hence it is expected in the present study that aggregates flocculated through 

charge neutralization may experience re-structuring of flocs in low shear environments resulting in 

higher equilibrium yield stresses. 

One of the main goals of the present study is to determine the effect of floc breakage, and 

hence reduction in apparent volume, in the presence of anionic acrylamides (bridging polymers) on 

rheology. In addition, the ability of flocs produced through charge neutralization mechanisms to re-

flocculate and their effect on rheology is also of importance in the present work.  
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2.4 Polymer flocculation of fine-particle suspensions 

2.4.1 Polymer-particle interactions 

Given that Leong et al. (1993)69 and Kapur et al. (1997)22 conclude that yield stress is correlated 

to the strength of inter-particle forces, the contribution from polymer flocculants must be considered 

when predicting rheology .Often in the presence of polymers, compliance with DLVO theory is not 

observed and additional forces must be considered. In addition Mpofu et al. (2003)11 demonstrate that 

dramatic increases in rheology resulted from non-DLVO forces when kaolinite dispersions were mixed 

with poly(ethylene oxide) or high molecular mass anionic acrylamide11. Depending on the chemistry – 

pH and (polymer) additives – as well as the mineralogy of the dispersion a number of non-DLVO forces 

must be considered such as bridging, steric, hydrophobic, hydration, hydrodynamic and depletion 

forces66. Hence the total interaction including non-DLVO forces can be defined as: 

𝑉𝑇𝑜𝑡 = 𝑉𝑣𝑑𝑊 + 𝑉𝑒𝑑𝑙 + [𝑉𝑠𝑡𝑒𝑟 + 𝑉𝑑𝑒𝑝 + 𝑉ℎ𝑦𝑑𝑟𝑜𝑝ℎ + 𝑉𝑏𝑟𝑖𝑑𝑔𝑒 + 𝑉ℎ𝑦𝑑𝑟𝑜 + 𝑉ℎ𝑦𝑑𝑟𝑎]                       (2.22) 

For polymer-flocculated thickened tailings, bridging, steric, hydrophobic and hydrodynamic forces will 

be of particular importance.  

Bridging forces result from a polymer chain adsorbing to the surface of particles, simultaneously 

binding them together through molecular bridges11. These forces arise from high molecular mass of 

polymers (large chain length) and a low coiling index in a particular liquid medium, resulting in an 

extended conformation capable of bonding to multiple particles82,96,97. In order for bridging to occur the 

polymer must be able to adsorb to the surface and may be inhibited my steric forces 

Steric force defined by Biggs (1995)98 is a repulsive force which arises from surface saturation of 

a particle. In the study, atomic force microscopy was used to quantify forces between zirconia particles 

and poly(acrylic acid). When the surface of a zirconia particle was saturated with poly(acrylic acid), the 
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force on an approaching poly(acrylic acid) polymer was repulsive. Steric forces will be important in the 

binding and attachment of polymers to the surface of kaolinite, as bulky or electrostatically repulsive 

groups can limit adsorption and lead to the formation of more open, loose and fragile flocs as noted by 

Mpofu et al. (2003)11 when describing the structure of flocs produced by anionic acrylamides. Alagha et 

al. (2011)99 witnessed a limited and reversible adsorption of Magnafloc® 1011 to alumina and silica 

sheets as a result of steric repulsions between acrylate pendant groups. 

Hydrophobic forces arise in molecules or surfaces which lack hydrogen bonding acceptors, 

donors and polar groups and thus interact poorly with water78. As a result the water molecules near the 

surface become highly ordered which generate forces that are entropic in nature78. The range of these 

forces can be quite large and have been experimentally measured to be stronger and have longer range 

than typical van der Waals interactions but are still not well understood78. Rubio (1976)100 described that 

attachment of poly(ethylene oxide) to silica arises from entropic effects from the displacement of water 

at the surface (hydrophobic force). 

Hydrodynamic conditions will affect the structural properties and size of flocs95,101 which will 

impact both settling and dewatering behaviour102-104, as has been shown with anionic acrylamides mixed 

with kaolinite104, as well as poly(ethylene oxide) flocculated smectite dispersions105.  When kaolinite was 

flocculated with high molecular mass anionic acrylamides, the structures showed significant rupturing 

when subjected to moderate shear11,31. On the other hand when kaolinite dispersions were flocculated 

with poly(ethylene oxide), the flocs densified when subjected to moderate shear without rupturing11,31. 

Once adsorbed, it is not likely that polymer chains will reach an equilibrium conformation due to 

the constant collisions between polymer chains and particles during the flocculation process95 and has 

been visually observed through scanning electron microscope (SEM) imaging through altered floc 

structures with increasing mixing time11,31. If the polymer adopts a flat conformation (e.g. cationic 
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acrylamides) it is likely it will not be able to bridge to other particles and may saturate the surface 

preventing further adsorption of polymer molecules95. Hence the mechanism of adsorption will be 

important in the re-structuring of flocs and will influence how flocs break and whether they can reform. 

 

2.4.2 Effects of polymer type and chemical structure on rheology 

The main types of flocculants that are applied in thickening operations are cationic and anionic 

acrylamides due to their high settling performance and relatively low cost24.  High settling rates and 

good supernatant clarity are generally achieved through a combination of salt (e.g. Al3+) and flocculant, 

the most common of which are high molecular mass polyacrylamides106. An appropriate flocculant for a 

particular application must be of the right molecular mass, charge density and must have a functional 

group present which will adsorb to the particle surface33,82. Anionic acrylamides are the most commonly 

used due to their superior settling rates, clearer supernatant and distinct sediment structures when 

compared to cationic acrylamides while also avoiding re-suspension of particles due to overdosing 24,33. 

Anionic acrylamides contain roughly 65-90% (mol ratio) of non-ionic acrylamide sub-units with the 

remaining 10-35% commonly comprised of acrylates or 2-acrylamido 2-methylpropane sulphonate 

derivatives, as shown in Figure 2.711,24. Molecular masses and charge densities of anionic acrylamides 

can vary depending on the character of the particles being flocculated. Also shown in Figure 2.7 is a 

basic cationic polymer structure (pDADMAC), composed of a quaternary amine derivative. The charge 

density can be reduced by polymerizing the subunit with non-ionic species. Lastly, a non-conventional 

polymer, poly(ethylene oxide) is shown. It is a homo-polymer composed of only ethylene oxide 

monomers.  Poly(ethylene oxide) has gained attention due to its ability to rapidly flocculate clay 

suspensions and produce large robust flocs; however, due to its high cost, it has not gained widespread  
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Figure 2.7: (LEFT) Common anionic acrylamide components – acrylamide, acrylate and 2-acrylamido 2-
methylpropane sulphonate (CENTRE) Poly(ethylene oxide). (RIGHT) poly(DADMAC). Here subscripts ‘n’ 
and ‘m’ infer molar fractions  

 

application106. Along with having different structures, these three polymer types produce distinctly 

different floc structures and suspension rheology.  

Numerous studies11,107,108 have demonstrated that the primary mechanism of flocculation with 

anionic acrylamides is through polymer bridging. The bridging mechanism requires that the polymer be 

of high enough molecular weight and of the right charge density to project itself past the electric 

double-layer, allowing it to come in contact with another particle. Adsorption to the surface of kaolinite 

occurs primarily through hydrogen bonding with aluminol and silanol groups and 94% of bonding occurs  

at the edge surface of the clay109,110; however, repulsions between negatively charged pendant groups 

and the surface results in limited polymer adsorption11.  In addition, the interaction between negatively 

charged kaolinite surfaces and anionic pendant groups also influences the conformation at the surface, 

as electrostatic repulsions will repel charged components allowing the polymer to adopt a more 

extended conformation which will be beneficial to bridging33.  
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For anionic acrylamides, the resulting sediment will have an augmented yield stress arising from 

bridging forces between particles. In a study from Mpofu et al. (2003)11 kaolinite dispersions of 40% wt. 

at a pH 7.5, a strong correlation between flocculant dosage and yield stress is found. In a dose range of 

150g/tonne to 1000g/tonne, yield stresses increased from 150 Pa to 300 Pa as the number of polymer 

bridges increased11. Adsorbed layer thickness was limited to 4nm as a result of electrostatic repulsions 

between adjacent polymer chains and negatively charged clay surfaces11. In a separate study, Nasser 

and James (2007)24 demonstrated the effect of polymer size and charge on the compressive yield stress 

of flocculated kaolinite at neutral pH. They found that higher charge densities resulted in higher 

compressive yield stresses resulting from the increased number of polymer bridges, thus requiring more 

consolidating pressure than the more deformable, low charge density polymers. In the present study, 

two anionic acrylamides of different mass and charge density will be examined to determine if there will 

be any differences in time-dependency of the resulting suspension.  

Cationic polymers produce flocculation through charge neutralization and charge-patch (dual-

polymer) mechanisms. The basic principle behind the use of cationic polymers is to form small 

oppositely charged patches on the surface of the particle, which will form attractive forces with 

neighbouring anionic particles. Collision of the positively charged patch with the negative surface of 

another particle produces aggregation111.  Flocs produced by cationic acrylamides are generally smaller 

and denser than those produced by anionic acrylamides due to the stronger inter-particle bonding24,33. 

Adsorption of cationic polymers occurs through hydrogen bonding with the amide functional group and 

electrostatic bonds on the negatively charged surfaces of the clays and positively charged quaternary 

amines– the electrostatic bonds are much stronger than hydrogen bonding seen in anionic acrylamides-

particle interactions, and as a result will adopt a flat conformation on the surface which restricts the 

bridging mechanism24,33. Due to the overall negative charge of kaolinite particles at pH 8.527,78,80, the flat 
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conformation of adsorbed cationic polymers result in charge neutralization as the primary flocculation 

mechanism, whereas bridging will play little to no importance24,33.  

At pH 7, kaolinite dispersions flocculated with cationic acrylamide were able to achieve higher 

shear and compressive yield stresses when compared to anionic acrylamides of similar mass and charge 

density, because of the greater inter-particle bond strength produced from electrostatic attractive 

forces24,25. Zhou et al. (2009)112 observed that polymer dose has an effect on yield stress, but is 

dependent on charge density. Charge densities of 10% displayed the highest dose dependence on yield 

stress, and this dependence decreased as charge density increased. Given that the maximum yield stress 

of flocculated fine particle suspensions is attained at an isoelectric point of zero66,75,76, an augmented 

equilibrium yield stress is expected for well sheared suspensions flocculated with cationic polymer 

flocculants when compared to suspensions flocculated strictly by anionic acrylamides.  

The study of Mpofu et al. (2003)11 demonstrated the superior adsorption of poly(ethylene oxide) 

over anionic acrylamides to kaolinite at a pH of 7.5. Although poly(ethylene oxide) and anionic 

acrylamides adsorb to kaolinite particles through hydrogen bonding, anionic acrylamides have lower 

adsorption due to electrostatic repulsions between anionic pendant groups. Poly(ethylene oxide) had a 

much higher affinity for kaolinite surfaces and could form much thicker adsorbed layers, which 

drastically reduced surface potential with doses above 500g/tonne. The study demonstrated that the 

method of adsorption was primarily through hydrogen bonding between the ether oxygen of 

poly(ethylene oxide) and aluminol and silanol hydroxyl groups. Koskal et al. (1990)113 suggested that 

entropic effects arising from the release of water from the surface of particles play a significant role in 

the attachment of poly(ethylene oxide). The mechanism of flocculation was determined by Mpofu et al. 

(2003)11 to be through bridging at doses over 400g/tonne.  
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Poly(ethylene oxide) has a much stronger dose dependence on yield stress than acrylamides. For 

example, Mpofu et al. (2003)11 studied 40% solids by mass kaolinite suspensions and found that yield 

stresses increased from 150 Pa to 750 Pa by increasing the poly(ethylene oxide) dose from 100g/tonne 

to 1000g/tonne. They also found that very dramatic changes occurred at dosages of approximately 

500g/tonne, where yield stresses increased exponentially with dose. The dramatic increase in yield 

stress was found to have a strong correlation with decrease in magnitude of the zeta-potential (surface 

potential) to a near-zero value, resulting from the formation of a thick adsorbed layer reaching 14nm in 

thickness. At doses of 500g/tonne of poly(ethylene oxide) or more, it was found that non-DLVO forces 

had become dominant and were responsible for the dramatic increases in yield stress.  

 As described above, different polymer structures and types adsorb to particles through different 

mechanisms, producing specific floc structures and thereby influencing suspension rheology. The 

following Section discusses the shear dependence of polymer-flocculated dispersions. In particular, the 

change in yield stress of flocculated dispersions with shear energy input will be addressed, as well as the 

corresponding changes in floc structure.  

2.4.3 Factors affecting rheology “reduction” 

 An early fundamental study on fine-particle suspensions by Pinder (1964)114 demonstrated the 

relationship between thixotropy (time dependent decrease in rheology) and size reduction of a 

monodisperse system of particles. It was shown that size reduction was well correlated with a decrease 

in rheology. However, a decrease in particle size also results in an increase in surface area to volume 

ratio which should increase the importance of inter-particle surface forces and thus does not directly 

explain the reduction in rheology. The authors suggested that a change in structure was the reason for 

the decrease in rheology. The study did not examine other factors, such as the surface chemistry of the 

particles, differing size distributions, effects of bimodal distributions or the addition of flocculants to the 



 

38 
 

system. In addition, the data are not presented in a practical and reproducible form and are shown as a 

function of mixing time. Reporting changes as mixing time introduces issues, one of which being 

container/impeller size and shape. Additionally, the amount of shear imparted will vary with the 

rheology of the suspension, even when mixing times are identical. Due to the factors mentioned, it is 

more practical to report the results as a function of mixing energy for scaling purposes. Finally, the 

suspension rheology is determined with a concentric cylinder viscometer which can provide unreliable 

data if care is not taken to avoid, for example, wall slip. The present study expands on this previous work 

by correlating rheology changes with particle surface chemistry, water chemistry and the use of 

flocculants.  

Fundamental studies on the response of anionic acrylamide flocculated dispersions to shear are 

limited and are restricted to yield stress measurements as a function of mixing time11,31. When a 

sediment produced by anionic acrylamides was subjected to moderate shear from an overhead stirrer, 

its yield stress decreased dramatically31. Images (obtained using SEM) showed that flocs were ruptured 

due to shear forces; however, no quantitative information with regards to changes in floc size and size 

distribution were obtained. The present study seeks to connect changes in rheology with changes in the 

size distributions of the flocculated suspensions. 

The rheology of PEO-flocculated sediments is very dependent on shear forces both during 

flocculation and on flocculated sediment. Structurally, PEO is completely linear and there is freedom of 

rotation about any axis as all the carbon and oxygen atoms are sp3-hybridized, resulting in a highly 

elastic structure when compared to acrylamides. This structure allows the polymer to re-conform more 

easily. Carboxylate and amide (COO- and CONH2 respectively) functional groups on acrylamides are sp2-

hybridized so there is no freedom to rotate about carbon-oxygen and/or carbon-nitrogen bonds due to 

electron delocalization115, fixing them in a plane and making them somewhat ‘bulky’. This structure gives 
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rise to steric effects11 which may restrict bonding and/or re-conformation at the particle surface. 

Consequently, the elastic structure of PEO facilitates the formation of more robust flocs when compared 

to those formed by anionic acrylamides. One should expect that flocs produced using PEO will which re-

structure and densify when subjected to moderate shear11 rather than fragmenting. This capability may 

provide PEO-flocculated mixtures to continue to release water in high shear environments, thus allowing 

flocculation of high solids content suspensions. For examples, when PEO-flocculated kaolinite pulps 

were mixed for 10 minutes at 50RPM with an overhead stirrer, the pulps increased dramatically in 

density and yield stress11,31. For kaolinite pulp flocculated by a poly(ethylene oxide)/anionic acrylamide 

mixture, a similar result was also observed31. However, quantification of the effect of shear of 

poly(ethylene oxide) flocculated dispersions on rheology remains in question as the data are limited to 

qualitative mixing time rather than energy input. In addition, there is no study which examines the 

change in floc size and size distribution of poly(ethylene oxide) flocculated dispersions when subjected 

to shear. 

Flocs produced by charge neutralization mechanisms became smaller and denser in response to 

shearing116. In addition higher polymer concentrations resulted in flocs which were more robust and 

stayed intact in higher shear rate ranges than flocs produced at lower doses116. Li et al. (2006)117 showed 

that flocs produced by charge neutralization mechanisms fragmented more quickly in response to shear 

and produced smaller and denser flocs at steady state when compared to those produced by bridging 

mechanisms. The more rapid decrease in size and increase in density of flocs produced through charge 

neutralization mechanisms would suggest more rapid decrease in yield stress due to rapid reduction of 

apparent solids volume fraction. However, no study that compares the effects of shear on floc structure 

and rheology can be found in the literature. 
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Salinas et al. (2009)18 tested the shear induced rheological degradation of anionic polymer 

flocculated tailings using a customized shearing apparatus with three different geometries. The results 

were independent of the geometry of the shearing apparatus and showed that rheological degradation 

was directly related to energy input. Complete shearing across the gap of the rheometers was identified 

by a well correlated power-law reduction in rheology as a function of shear energy. In addition, the 

characteristic power-law degradation curve was shown to be independent of flocculant type. However, 

it was assumed that chemical environment such as pH, flocculant type and dosage would affect the 

amount of energy to achieve equilibrium rheology, but was not tested. The independence of test results 

on geometry is the basis for the use of the concentric cylinder shearing apparatus in the present study.  

Treinen et al. (2010)16 investigated the effect of energy input on yield stress of anionic polymer 

flocculated tailings. A benchtop scale Haake Viscotester 550 with MV-II concentric cylinder geometry 

was used (2.6mm gap, 55mL volume) and their results were compared to the previous experiments of 

Salinas et al. (2009)18, who used a more complex shearing apparatus. They concluded that rheology 

reduction could be studied using a benchtop scale concentric cylinder shearing apparatus, although the 

settling of coarse particles made equilibrium measurements unreliable. In the present study, a fine 

particle suspension is used to eliminate effects of coarse particle settling.  

Gillies et al. (2012)17 contined the study of energy induced rheological degradation, but did so  

with a pilot-scale 265mm pipeline. Flotation tailings from CNRL’s Horizon oil sands operation were used 

as the feedstock and were diluted to 10% solids by mass. Tailings were flocculated using 200g/tonne of 

HyChem AF 309 (anionic acrylamide type polymer) and concentrated in a 1.5m FLSmidth deep cone 

thickener. Two batches were produced with varying fine-to-coarse solids ratios and in both cases it was 

observed that after approximately 1500kJ/m3 of shear energy input, the mixture’s vane yield stress 

could be reduced by half. Both batches experienced a power-law type yield stress degradation but had 
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completely different initial and final yield stresses. There was, however, no information regarding the 

chemical environment of the slurry such as pH, salt concentrations, size distribution of tailings and 

mineralogy. 

 The current literature on this topic is lacking in several aspects. There is no study which aims to 

find mechanisms of rheology reduction, and all of the studies are focused on either the effect of shear 

energy input on rheology flocculated tailings, or the qualitative effect of mixing and polymer selection 

on yield stress. In addition, it is well known that floc structures are highly dependent on hydrodynamic 

conditions and yet there is no study which pairs floc size (distribution) and vane yield stress data. It is 

therefore the focus of the present work to quantitatively determine the relationships among of polymer 

selection, mixture chemistry and particle size distribution on rheology as a function of mixing energy. 
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Chapter 3: Experimental Method 

3.1 Introduction 

 In this chapter, technical information concerning the materials and equipment used in the 

experiments are described. The customized concentric cylinder shearing apparatus is described in detail 

as it is unique to this project. Section 3.4 lists all experimental procedures used in the Project. In order to 

achieve reproducible procedures, many preliminary tests were required in order to determine the 

proper rotational speed for vane rheometry, impeller speed during flocculation, flocculant dose, 

impeller speed and mixing time for kaolinite suspension, polymer solution preparation, rotational speed 

for the concentric cylinder shearing apparatus, and FBRM size measurement. Supplemental information 

regarding the experiments conducted to develop these reproducible procedures is included in Appendix 

D. 

 Due to the complicated and lengthy nature of the overall test procedure, a flow chart is shown 

in Figure 3.1 which outlines the steps involved to obtain a single data point. Each data point first 

required the preparation of a dilute model tailings at 8% by mass, which was concentrated to 41% by 

mass using a combination of polymer flocculant and customized drying apparatus. A sufficient volume of 

paste to fill the concentric cylinder shearing apparatus was produced and was divided into two portions 

– one which was used as a pre-shear or ‘initial’ measurement and the other portion was sheared in the 

concentric cylinder mixing apparatus. Vane yield stress and size measurements were performed on both 

the initial and sheared samples. The data obtained for the sheared samples were normalized so that size 

reduction and rheology reduction graphs could be compared. 

 Tailings samples obtained from Teck were tested for congruency with the model tailings 

samples. Due to differences in solids concentration and physical properties of the resulting paste, the  
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Figure 3.1: Flow chart of experimental procedure 

test procedures were modified to ensure that the right amount of paste was produced, and that the 

paste was uniformly sheared in the concentric cylinder shearing apparatus. 

In Table 3.1, a concise list of test conditions is summarized. The first three conditions listed were 

most heavily tested, as 30 samples were analyzed for each. In the table ‘A-C-A’ stands for ‘anionic-

cationic-anionic’ and refers to a method of addition of a dual polymer system to a clay suspension. The 

method recommended by the Saskatchewan Research Council118. The last two conditions (Magnafloc® 

LT27AG at 100g/tonne and pH 7, Magnafloc® LT27AG + poly(ethylene oxide) 100g/tonne + 150g/tonne 

pH 8.5) were used to demonstrate the importance of particle surface chemistry and non-DLVO forces 

arising from poly(ethylene oxide) on time-dependent rheology of flocculated clay dispersion.  

3.2 Materials 

Kaolinite 

Kaolinite was obtained from Kentucky Tennessee Clay Company, and supplied by Plainsman 

Pottery in Edmonton. The supplier reports an average particle diameter between 1 – 1.2µm. According 

to the SRC database57, the average density of kaolinite is estimated to be 2696 kg/m3. 
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Table 3.1: Conditions tested for size and rheology reduction using 41% by mass solids paste  

Polymer flocculant 

 

Dose (g/tonne) pH Energy input (kJ/m3) 

Magnafloc® LT27AG 

 

100g/tonne 8.5 0 - 1200 kJ/m3 

Magnafloc® LT27AG + 

Hyperfloc CD650 

(A-C-A) 

 

65g/tonne – 

85g/tonne – 

35g/tonne 

 

8.5 

 

0 – 1200 kJ/m3 

Magnafloc® 1011 

 

100g/tonne 8.5 0 - 1200 kJ/m3 

Magnafloc® LT27AG 

 

100g/tonne 7 0 - 3000 kJ/m3 

Magnafloc® LT27AG + 

poly(ethylene oxide) 

 

100g/tonne / 

150g/tonne 

8.5 0 – 7000 kJ/m3 

 

Polymers 

Both anionic acrylamides were obtained through BASF/CIBA chemicals. The anionic acrylamides 

used in the study were Magnafloc® LT27AG, an ‘ultra-high’ molecular mass poly(acrylamide-co-acrylate) 

of medium charge density and Magnafloc® 1011, a very high molecular mass anionic acrylamide of 30% 

charge and unknown chemical composition. The cationic polymer used was Hyperfloc CD650 which is a 

pDADMAC derivative of unknown chemical composition and charge density. Poly(ethylene oxide), or 

‘PEO’, was purchased through SigmaAldrich chemicals in the form of a fine white powder. The molecular 

mass average, MV, of the PEO was 8,000,000. 

Milli-Q water, KOH, KCl, HCl 

De-ionized water was obtained from an in-lab Milli-Q water system. To ensure consistent water 

chemistry, all beakers used throughout the study were washed with detergent and tap water and rinsed 
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several times with de-ionized water to remove any remaining salts before being used. KOH pellets and 

KCl salt were purchased from EMD Millipore and J.T. Baker respectively. 

Calibration standards 

Calibration standards for the pH probe as well storage and cleaning solutions were purchased 

from Rice Engineering & Operating Ltd. Viscosity standards used for the concentric cylinder shearing 

apparatus and Haake Viscotester 550 were purchased through Cannon Instrument Company  viscosity 

standard. The ‘S60’ viscosity standard was used to calibrate the concentric cylinder shearing apparatus. 

3.3 Equipment 

3.3.1 Concentric cylinder shear apparatus 

The concentric cylinder shear apparatus constructed for this project is shown in Figure 3.2a, and 

a dimensional schematic of the mixing chamber is shown in Figure 3.2b. The apparatus consists of a 

Teflon spindle R1=25mm with a glass cup R2=29.5mm with a total height of L=385mm for a total volume 

of approximately 308cm3. The spindle torque, angular velocity and power were monitored using a 3-

channel torque sensor that has a 5 N·m capacity and USB interface for live torque and angular velocity 

measurements (Burster GmbH model 8661-5005-V0110 purchased through A-Tech instruments Ltd). 

The mixer was powered by a belt-driven system consisting of an IKA Eurostar 60 digital mixer, with a 

custom built gear with 0.200” pitch and 17.26mm diameter, in-line with a 78mm diameter gear attached 

through a 27” fiber-glass timing belt (PowerGrip 236XL037). 

3.3.2 Focused Beam Reflectance Measurement (FBRM) 

A Mettler Toledo S400A FBRM probe was used to measure particle size within the paste. A solid 

state laser provides a continuous beam of monochromatic light (780nm wavelength) which rotates 

about a circular path at the interface of the probe lens and the particle dispersion. As particles pass by  
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Figure 3.2: Concentric cylinder shearing apparatus 

the probe tip, light is scattered back into the probe. The backscattered light is converted into a chord 

length using a simple calculation based on the scan speed multiplied by the pulse width (time). The 

chord length represents the length of the cross-section of the particle in question and does not provide 

a ‘true’ diameter for irregular shaped particles. The probe generally scans thousands of chord lengths in 
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a second to produce a chord distribution – analogous to a particle size distribution. The advantage of 

FBRM is that it allows the measurement of a large sample without visual observation of individual flocs.  

In addition the amount of shear energy input into the system can be minimized through appropriate 

selection of solids concentration of the mixture and impeller speed of the mixing apparatus.  

3.3.3 Haake Viscotester 550 

All vane measurements were made with FL100 geometry on the Haake 550, as shown in Figure 

3.3 (which includes a dimensional schematic). The vane has six blades with a diameter D=22mm and a 

blade height of H=16mm. Based on recommendations from Nguyen and Boger (1983)55 requiring a 

mixture of twice the vane height and twice the vane diameter, the minimum volume required for a 

cylindrical container would be roughly 100cm3:  

𝑉 = 𝜋𝑟2ℎ = 𝜋(
2𝐷

2
)22𝐻 = 𝜋 (

2∗1.1𝑐𝑚

2
)

2
(2 ∗ 3.2𝑐𝑚) = 97𝑐𝑚3                                    (3.1) 

Given the dimensions and volume, this criterion is satisfied with 300mL of sample. 

 An estimate of the Bingham yield stress of each paste produced was obtained with MV-III 

concentric cylinder geometry (R1=15.2mm, R2=21mm, L=60mm) attached to the Haake Viscotester 550. 

The experiments were conducted using a temperature control set to 20oC. The purpose of these 

experiments was to be able to estimate what range of angular velocities was required to achieve the 

minimum torque required for complete shearing across the gap of the concentric cylinder shearing 

apparatus. The small sample size required for the MV-III concentric cylinder allowed many tests to be 

conducted on each batch of paste produced.  
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Figure 3.3: FL100 vane geometry attached to Haake 550 viscometer 

 

3.3.4 pH measurements 

pH measurements were conducted with a Mettler Toledo SevenMulti system using an InLab 

Expert Pro pH probe (shown in Figure 3.4). The pH probe was calibrated several times per week to 

ensure water chemistry was kept as consistent as possible. The probe was thoroughly cleaned weekly 

during use. Once the experimental procedures had been fully developed, a new probe was used to 

collect all data reported in this thesis. 
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Figure 3.4: pH probe used throughout all experiments 

 

3.4 Procedures  

3.4.1 Polymer solution preparation 

Stock and feed solutions were prepared and kept in 100mL re-sealable glass beakers. The 

beakers were 7.5cm in diameter. The mixer used was an IKA Eurostar 60 overhead stirrer with a four-

bladed impeller that was 5cm in diameter. Unlike a vane, the impellers are 45o to the direction of 

rotation. Stock solutions of acrylamides (Magnafloc® LT27AG, Magnafloc® 1011 and HyChem CD 650) of 

1% by mass were discarded after two days of used to ensure consistency. Mixtures containing 

poly(ethylene oxide) were produced daily and discarded at the end of the day. 

Preparation of Magnafloc® LT27AG and Magnafloc® 1011 solutions 

100mL of 1% by mass stock solutions were prepared via the following method: 

1) 1.0g of solid polymer was placed in 100mL of de-ionized water 
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2) The impeller was placed in the centre of the beaker 3mm from the base 

3) The solution was stirred at 60RPM for 12 hours 

100mL of 0.1% by mass feed solutions were prepared daily via the following method: 

1) 10mL of 1% by mass stock solution was combined with 90mL of deionized water 

2) Impeller placed 1cm above the base of the glass beaker 

3) Stirred at 200RPM for 30 minutes 

Preparation of poly(ethylene oxide) solutions 

320mL of 0.25% by mass solution 

1) 80mL de-ionized water was combined with 0.80g of poly(ethylene oxide) powder 

2) Impeller placed 3mm from the base of the beaker 

3) Stirred at 150RPM for 30 minutes 

4) 20mL of de-ionized water was added 

5) Stirred at 150RPM for 5 hours 

6) 220mL water added 

7) Stirred at 300RPM for 1 minute 

8) Impeller placed 3.5cm from base of beaker 

9) Stirred at 150RPM for 4 hours  

Mixtures were prepared daily and discarded after being used. Several other methods were 

attempted and are described in Appendix D. The most important conditions were beakers with rounded 

edges and proper impeller placement. Using an ice bath also aided in solubilisation as reported by many 

authors119-121, but was not used out of simplicity in order to eliminate any temperature dependent 

effects during flocculation. 
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Preparation of poly(ethylene oxide) and Magnafloc® LT27AG solution 

 A solution of approximately 0.1% by mass Magnafloc® LT27AG and 0.15% by mass poly(ethylene 

oxide) was prepared in order to achieve doses of 100g/tonne and 150g/tonne respectively. The solution 

was prepared from 1% by mass Magnafloc® LT27AG solution and 0.25% by mass poly(ethylene oxide 

solution as follows: 

1) 10mL of 1% by mass Magnafloc® LT27AG solution was added to 40mL of de-ionized water in 

the 7.5cm diameter beaker 

2) The impeller was placed in the centre of the beaker 3mm from the base 

3) The solution was stirred at 150RPM for one hour 

4) 60mL of 0.25% by mass poly(ethylene oxide) solution was added 

5) The impeller was placed 1 cm from the base 

6) The solution was stirred at 150RPM  for 1.5 hours 

The poly(ethylene oxide) / Magnafloc® LT27AG solutions were prepared daily and discarded 

immediately after being used. 

Preparation of HyChem CD 650 solutions 

100mL of 1% by mass stock solutions were prepared via the following method: 

1) 1.0g of solid polymer was placed in 100mL of de-ionized water 

2) The impeller was placed in the centre of the beaker 3mm from the base 

3) The solution was stirred at 100RPM for 1 hours 

100mL of 0.1% by mass feed solutions were prepared daily via the following method: 

1) 10mL of 1% by mass stock solution was combined with 90mL of deionized water 
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2) Impeller placed 1cm above the base of the glass beaker 

3) Stirred at 100RPM for 1 hour 

3.4.2 Kaolinite suspension preparation and Flocculation 

The kaolinite suspensions of 8% by mass were prepared in 4L beakers (D=15cm, H=24cm). An 

overhead stirred with a four-bladed impeller of 5cm diameter was used to homogenize the suspension. 

1) 3.5L of de-ionized water and 0.25g of KCl were combined in the 4L beaker 

2) The impeller was placed 12cm from the base of the beaker 

3) Approximately 310g of kaolinite powder was added to the beaker 

4) The mixture was stirred at 1000RPM for 30 minutes to suspend the particles 

5) pH was modified using KOH pellets and concentrated KOH solution 

The kaolinite suspension was immediately dispensed into 500mL beakers to be flocculated. 

Flocculation of 8% by mass kaolinite suspension using Magnafloc® LT27AG and Magnafloc® 1011 

 The flocculation was performed in 500mL beakers (500mL mark at 9cm) with a 5cm diameter 

four-bladed impeller. The suspension was stirred at 350RPM throughout the flocculation process, and 

mixing times were optimized using FBRM and the data are shown in Appendix D. 

1) The impeller was placed 6cm from the base of the beaker 

2) The suspension was stirred at 350RPM 

3) 100g/tonne of polymer was dispensed as 0.1% by mass solution was dispensed over 40 

seconds 

4) Stirring continued for 20 seconds after polymer addition 

5) The impeller was stopped 

6) Flocculated suspension was gently poured into 500mL stoppered graduated cylinder 
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7) The 500mL stoppered graduated cylinder was inverted twice and left to settle 

8) Initial settling rate (ISR) was determined based on the time required for the mudline to 

travel from the 450mL mark to the 350mL mark (5.5cm) 

The dose used in all experiments for anionic acrylamides was selected based on a peak in dose 

efficiency on initial settling rates (ISR) at 100g/tonne, shown in Figure 3.5. Doses beyond 100g/tonne of 

polymer resulted in minimal increases in yield stress and supernatant clarity. The dose was also not 

increased beyond 100g/tonne to avoid local overdosing of polymer to the kaolinite particle surfaces 

which can result in poor floc formation. The procedure produced large (confirmed by FBRM in Appendix 

D), fast-settling flocs. 

 

Flocculation of 8% by mass kaolinite suspension using A-C-A (Magnafloc® LT27AG and HyChem CD 650) 

The flocculation was performed in 500mL beakers (500mL mark at 9cm) with a 5cm diameter 

four-bladed impeller. The suspension was stirred at 350RPM throughout the flocculation process, and 

mixing times were optimized using FBRM and the data are shown in Appendix D. In order to compare 

effects between a strictly anionic flocculated mixture and a dual-polymer system ‘A-C-A’ (anionic-

cationic-anionic), 100g/tonne of Magnafloc® LT27AG was used in addition to 85g/tonne of Hyperfloc CD 

650.  
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Figure 3.5: Initial settling rate (ISR) versus dose dependence of pH 8.5 kaolinite suspension flocculated 
with Magnafloc® LT27AG ( ) and Magnafloc® 1011 ( ) 

 

For the A-C-A system, the mixing protocol is as follows: 

1) The impeller was placed 6cm from the base of the beaker 

2) The suspension was stirred at 350RPM 

3) 65g/tonne of Magnafloc® LT27AG was dispensed as 0.1% by mass solution was dispensed over 

30 seconds 

4) Stirring continued for 10 seconds after polymer addition 

5) 85g/tonne of 0.1% by mass solution of HyChem CD650 was dispensed over 40 seconds 

6) Stirring continued for 10 seconds after polymer addition 

7) 35g/tonne of Magnafloc® LT27AG was dispensed as 0.1% by mass solution was dispensed over 

20 seconds 

8) Stirring continued for 10 seconds after polymer addition 

9) The impeller was stopped 

10) Flocculated suspension was gently poured into 500mL stoppered graduated cylinder 
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11) The 500mL stoppered graduated cylinder was inverted twice and left to settle 

A list of other combinations (sequence of addition, doses, stirring times) is shown in Appendix D. The 

optimal dose for the A-C-A system was selected based on sediment height, supernatant quality, and 

ease of collection. When too much cationic polymer was used, the flocs would adhere to the walls of the 

glass due to the negative surface charge of glass (silica)122 at the pH of the mixture (pH 8.5). Also 

included in Appendix D are other cationic polymers considered for the present study. 

Flocculation of 8% by mass kaolinite suspension using poly(ethylene oxide) and Magnafloc® 

LT27AG/Poly(ethylene oxide) 

Consistent settling behaviour with poly(ethylene oxide) could not be achieved and will be 

discussed in section 4.6. To obtain consistency and compare effects of poly(ethylene oxide) to 

conventional acrylamides, a solution containing approximately 0.1% by mass Magnafloc® LT27AG and 

0.15% by mass poly(ethylene oxide) was prepared.   

1) The impeller was placed 6cm from the base of the beaker 

2) The suspension was stirred at 450RPM 

3) 100g/tonne Magnafloc® LT27AG and 150g/tonne poly(ethylene oxide)  was dispensed as 0.1% 

by mass solution was dispensed over 40 seconds 

4) Stirring continued for 30 seconds after polymer addition 

5) The impeller was stopped 

6) Flocculated suspension was gently poured into 500mL stoppered graduated cylinder 

7) The 500mL stoppered graduated cylinder was inverted twice and left to settle 



 

56 
 

Higher RPM was required to dispense the significantly more viscous polymer solution. Lower doses of 

poly(ethylene oxide) showed little to no effect on settling, whereas higher doses gave increasingly 

unpredictable behaviour (see Appendix Figure A.1). 

3.4.3 Sediment preparation 

After the kaolinite suspension had been flocculated and left to settle in the 500mL graduated 

cylinders for 30 minutes, the supernatant was decanted and the sediment was gently poured onto filter 

paper covering a 1mm stainless steel strainer (D=20.5cm, H=8.5cm) that was placed within large ceramic 

Buchner funnel (D=20cm, H = 6.5cm), as shown in Figure 3.6. The paste was left to dry to remove excess 

water and obtain a paste-like consistency. Drying times of approximately 90 minutes were required for 

the paste to achieve a consistent density in all conditions. After the designated drying time, the paste 

was gently scooped using a large spoon into two separate beakers. Each beaker contained roughly 

310mL of paste and were used to produce an ‘un-sheared/initial’ and ‘sheared’ sample such that yield 

stress and size reduction graphs could be normalized. Normalization of yield stress and size reduction 

graphs was essential for two reasons. The variability in initial yield stress and mean chord length, and 

hence that of a sheared sample at a particular energy input, would result in graphs which are not well 

correlated. Thus normalization provides much more distinct correlations. Secondly, in order to compare 

size reduction and yield stress, the graphs were required to be normalized. 
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Figure 3.6: Filter paper in 1mm stainless steel within a large Buchner funnel used for paste densification 

3.4.4 Density estimation 

To achieve a reasonably accurate estimate of paste solids content, 500mL of paste was sheared 

at 2000 RPM using an overhead stirrer with a four-bladed 5cm diameter impeller for five minutes for 

acrylamides, and 10 minutes for PEO-flocculated mixtures to destroy the floc structure and reduce yield 

stress. A 100mL sample of the paste was then poured into a 500mL Erlenmeyer flask and placed under 

vacuum using an aspirator type vacuum pump for ten minutes to remove air bubbles that were 

entrapped during mixing. Using a 5mL syringe, 5mL increments of the sheared paste were transferred to 

a beaker on scale accurate to 0.001g. The mass of ten samples was recorded, and three batches were 

produced to ensure reproducibility (30 measurements total). The same 5mL syringe was used for all 

measurements. A consistent solids content of approximately 40-43% solids by mass and volume 
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concentration of 20-22% was achieved for all conditions. The data are shown in Table 3.2 and the full 

data set from all samples can be found in Appendix A. Density of Magnafloc® LT27AG + poly(ethylene 

oxide) flocculated pastes were not calculated due to relatively (relative to acrylamide flocculated 

suspensions) inconsistent behaviour. 

3.4.5 Paste shearing protocols 

The spindle angular velocity required for complete shearing across the gap of the concentric 

cylinder shearing apparatus was determined experimentally since there was no way to accurately 

measure Bingham yield stress or plastic viscosity due to the time- and shear-dependency of each 

sample. Estimation of the minimum required torque for complete shearing across the gap was first 

estimated using a benchtop rheometer. A concentric cylinder MV-III geometry was used (R2=21mm and 

L=60mm) and an example is shown: 

1) First 600mL of flocculated dispersion of 41% by mass was produced 

2) Approximately 70mL of the flocculated dispersion was placed in the benchtop rheometer and 

sheared at a given angular velocity 

3) The resulting apparent torque versus time curve was fitted as a power-law function on Excel 

4) If the R2 = 0.99 complete shearing had occurred, as noted in Treinen et al. (2010)16 and Salinas 

et al. (2009)18 

5) If R2<0.99, incomplete shearing across the gap occurred 

6) The next 70mL sample was sheared at a higher spindle angular velocity until an R2=>0.99 was 

achieved 
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7) When a sample with R2=0.99 was achieved, the peak torque value was taken from this graph, 

and an example is shown in Figure 3.7 

8) In the case of the curve in Figure 3.7, the maximum torque was T=0.021580 N·m 

9) The torque value from Step 8 is used at the minimum torque to obtain complete shearing 

across the gap in Equation 2.2 

10) Substituting L=60mm, R2=21mm and Tmin=0.021580 N·m into Equation 2.2, we have: 

𝜏𝐵 =
𝑇𝑚𝑖𝑛

2𝜋𝐿𝑅2
2 = 130 𝑃𝑎 

11) We use the estimated Bingham yield stress from Step 10 (τB = 130 Pa), along with the 

dimensions of the concentric cylinder shearing apparatus (L=385mm, R2=29.5mm), to estimate 

the minimum torque for complete shear in the concentric cylinder shearing apparatus using 

Equation 2.2 

𝑇𝑚𝑖𝑛 = 2𝜋𝐿𝑅2
2𝜏𝐵 = 0.27 𝑁 𝑚 

The estimation of the torque required to achieve complete shear across the gap is necessary because 

achieving an R2 = 0.99 was quite difficult using the concentric cylinder shearing apparatus. Using this 

method, numerous samples were attempted at increasing spindle angular velocities (on the concentric 

cylinder shearing apparatus) until peak torque values greater than 0.27 N·m were attained. This 

procedure resulted in concentric cylinder spindle angular velocities of 117 RPM.  An example of a trial is 

shown in Figure 3.8, and a peak torque greater than 0.30 N·m is observed. The initial peak 3 seconds 

into the experiment at 0.45 N·m is a result of the torque required to accelerate the spindle to the 

desired angular velocity. 
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Table 3.2: Summary of paste densities and volume fractions 

Condition Weight percentage (%) Volume fraction (Cs/Ctotal) 

Magnafloc® LT27AG 42 0.21 

Magnafloc® 1011 41 0.21 

A-C-A 40 0.20 

Magnafloc® LT27AG pH 7 43 0.22 

 

For each condition, 30 samples were produced and characterized. Energy input was calculated 

using: 

𝐸 =
1

𝜋(𝑅2
2−𝑅1

2)𝐿
∫ (𝜔𝑇 − 𝑘)𝑑𝑡 =

𝑡=𝑡1

𝑡=0

1

𝜋(𝑅2
2−𝑅1

2)𝐿
∫ (𝑃 − 𝑘)𝑑𝑡

𝑡=𝑡1

𝑡=0
                         (3.2) 

= 3371𝑚−3 ∫ (𝑃 − 𝑘)𝑑𝑡
𝑡=𝑡1

𝑡=0

 

where R2 and R1 are the outer and inner radii of the concentric cylinder, L is the length of the spindle, ω 

is angular velocity (rad·s-1), T is torque (N·m), P  is power (J·s-1) and k is the mechanical energy loss (J·s-1). 

A range of 10 seconds to 10 minutes of shearing time was used to test a broad range of energy input 

values, and a matrix is provided in Table 3.3 and provides the exact time of shearing for the 30 samples. 

Of note is that most of the shearing times for the 30 samples are below 2 minutes in length and this is 

due to the fact that initially the energy input is very high until yield stress has decayed. 

The time integral of power was calculated using a Riemann sum given the very small step sizes 

resulting from the fast data accumulation rate of 20 data points/second. Riemann sums involve taking 

the sum of a large number of trapezoids: 
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Figure 3.7: Torque reduction trace 41% by mass paste flocculated with Magnafloc® LT27AG sheared in 
concentric cylinder MV-III geometry at 20 rad/s 

 

𝐸 = ∑
(𝑃(𝑡𝑚) + 𝑃(𝑡𝑚 + 𝑑𝑡))

2
𝑑𝑡

𝑛

𝑚=1

 

where ‘P’ is the power at time ‘tm’, there are an ‘n’ number of data points, and ‘dt’ is the time between 

each data point (0.05s, since there are 20 data points/second). 

 

3.4.6 Vane rheometry 

For all polymer flocculated dispersions, the vane was rotated at very low angular velocity 

(0.0075 rad/s) for 450 seconds. The maximum torque was generally attained at the 100 second mark, 

and equilibrium was generally attained after 150-200 seconds.  

Normalization of yield stress graphs were essential for two reasons. The variability in initial yield 

stress, and hence that of a sheared sample at a particular energy input, would result in graphs which are 

not well correlated. Thus normalization provides much a more distinct correlation. Secondly, in order to  
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Figure 3.8: 41% by mass paste flocculated with Magnafloc® LT27AG sheared at 500RPM (motor speed) in 
the concentric cylinder shearing apparatus 

 

compare size reduction and yield stress, the graphs were required to be normalized. In order to 

normalize the yield stress, vane rheometry tests conducted on sheared samples were normalized using 

with a pre-shear sample, made from the same 620mL batch of paste.  

For pre-shear (or ‘initial’) vane yield stress measurements, approximately 310mL of paste was 

gently placed in the cup of the concentric cylinder shearing apparatus (Figure 3.2). The cup was slowly 

moved into place over a period of 18 seconds and then slowly removed over a period of 18 seconds. The 

sample was gently poured into a 300mL beaker and three initial vane yield stress measurements were 

taken. The vane placement was staggered such that each measurement was taken on an undisturbed 

portion of the sample, shown in Figure 3.9. Placement of the vane often introduced lateral movements 

which disturbed the sample in the area in which the vane was placed. In addition, the paste was not 

completely homogenous and hence staggering of the vane provided an average yield stress which was 

representative of the entire sample. 
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Table 3.3: Matrix of shearing times for the three most heavily studied conditions (pH 8.5: Magnafloc® 
LT27AG, Magnafloc® 1011, A-C-A) 

Sample number Time (mm:ss)* 

1 10:00 

2 7:00 

3 5:00 

4 3:00 

5 2:00 

6 1:35 

7 1:20 

8 1:10 

9 1:03 

10 0:59 

11 0:55 

12 0:51 

13 0:47 

14 0:45 

15 0:41 

16 0:37 

17 0:33 

18 0:31 

19 0:30 

20 0:27 

21 0:24 

22 0:21 

23 0:18 

24 0:15 

25 0:13 

26 0:12 

27 0:11 

28 0:10 

29 0:09 

30 0:08 

*Time measured from 00:10 to 10:00 (mm:ss) 

 

The post-shear measurement was acquired after shearing of the remaining paste (the other half 

of the original sample). The sample loading and removal steps were conducted following the same 

procedure described previously for the initial ‘pre-shear’ measurement. No temperature control is 

required during vane yield stress measurements as the amount of heat being generated can be 

neglected. The peak torque value defined in Figure 2.3 (Section 2.2.3) was used to calculate the 

suspension yield stress. 
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3.4.7 FBRM 

 Dilution of the paste was required in order to make reproducible size measurements. Probe tip 

fouling was very common in high solids content pastes and did not provide reproducible size 

measurements. In addition, mixing of concentrated pastes added shear energy due to the high yield 

stresses of the material. A complete review of the methods attempted in developing a FBRM procedure 

is shown in Appendix C. Dilution of the concentrated paste to 8% by mass solids was necessary for two 

reasons. First, as noted above, dilution was required to obtain consistent size measurements without 

probe tip fouling and minimal energy input into the sample. Additionally dilution of the paste to 8% by 

mass allowed direct comparison with the dilute suspension produced prior to addition of polymer 

flocculant. 

In a 500mL beaker, 420mL of de-ionized water at a pH 8.5 was stirred at 350 RPM. Once data 

acquisition began, one large spoonful of paste (~80mL) from a sample was gently poured into the beaker 

with continuous stirring. The protocol was set for the maximum data-rate acquisition of 0.5s-1 and the 

shortest period of time (30 minutes). The overhead stirrer was set to 350RPM for acrylamide-flocculated 

kaolinite and 450RPM in the case of PEO-flocculated kaolinite for the duration of the experiment. 

Particle chord length, CL (𝜇m), was selected from the first equilibrium value which was attained when 

dCL/dt of the Sauter mean chord length reaches an equilibrium value, as shown in Figure 3.10. 
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Figure 3.9: Staggered vane placement in 300mL paste sample 

The derivative is calculated with respect to subsequent measurements in time (e.g. 
𝑑𝐶𝐿

𝑑𝑡
=

𝐶𝐿(2)−𝐶𝐿(1)

𝑡2−𝑡1
). 

The initial spike occurs when paste is initially mixed into the stirring beaker of water. The subsequent 

negative spike arises from the mixture being homogenized, as initially larger particles settled more 

quickly. The equilibrium was defined as the first point after which dCL/dt > -3 which provided 

reproducible results. Statistical analysis, shown in Appendix B, showed that dCL/dt reached a steady 

state for all samples once dCL/dt > -3. The average particle diameter used in the statistical analysis was 

the Sauter mean diameter (Equation 2.2). A full statistical analysis with regards to the effect of dilution 

is in Appendix C and the validity of the ‘paste-drop’ method is included in Appendix B. 

3.5 Tailings samples 

3.5.1 Stock mixture preparation 

Tailings were supplied by APEX Engineering and were obtained from a batch extraction of oil 

sands ore taken from a Teck Mine site. The tailings were roughly 15% by mass with a pH of 7.9. The 

remaining tailings data (e.g. salt concentrations, initial particle size distribution, bitumen content, etc.) is 

shown in the Appendix A. In order to remove effects from coarse particles, the tailings sample (16L, 15%  
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Figure 3.10: dCL/dt ‘paste-drop’ experimental method using FBRM. Measurement is conducted at 8% by 
mass diluted from 41% by mass 

 

by mass) was first stirred at 250RPM for one hour with a large three bladed impeller approximately 

13cm in diameter in a large vessel of 36cm diameter. The well dispersed tailings sample was then passed 

through a 300μm sieve on recommendation123 that using a smaller sieve size would result in a large 

number of clay particles not passing through and filtration time could take many hours. The 16L sample 

was used as a stock mixture for flocculation. 

3.5.2 Flocculation Procedure 

The stock 15% by mass tailings suspension was kept in a 36cm diameter vessel, and was stirred 

in this vessel to disperse/homogenize the suspension prior to sampling. The  stock mixture was stirred 

for 30 minutes at 250RPM using a 13cm diameter three-bladed impeller in a the 36cm diameter vessel. 

The blades of the impeller are at a 45o angle to the base of the vessel and each blade is of a triangular 
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shape.  While stirring, four 500mL samples were drawn from the stirring 15% by mass tailings 

suspension using four 500mL beakers. The 500mL samples were flocculated using A-C-A  (Magnafloc® 

LT27AG + Hychem Hyperfloc CD650) at 400RPM through the following procedure. Doses are based on 

the estimated weight percentage of solids and are not exact. 

1) The impeller was placed 6cm from the base of the beaker 

2) The suspension was stirred at 400RPM 

3) 170g/tonne* of Magnafloc® LT27AG was dispensed as 0.1% by mass solution was dispensed 

over 50 seconds 

4) Stirring continued for 10 seconds after polymer addition 

5) 130g/tonne* of HyChem Hyperfloc CD650 was dispensed as 0.1% by mass solution was 

dispensed over 40 seconds 

6) Stirring continued for 10 seconds after polymer addition 

7) 130g/tonne* of Magnafloc® LT27AG was dispensed as 0.1% by mass solution was dispensed 

over 40 seconds 

8) Stirring continued for 10 seconds after polymer addition 

9) The impeller was stopped 

10) Flocculated suspension was gently poured into 500mL stoppered graduated cylinder 

11) The 500mL stoppered graduated cylinder was inverted twice and left to settle 

3.5.2 Sediment preparation and shearing protocol 

The sediment was dried using the procedure described in Section 3.3 using the same drying 

apparatus, drying times, etc. Density data was not obtained due to lack of available sample. Hence 

experiments on tailings samples are used to validate the experimental concepts and results described in 

the Section 4.7.  
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Determining the shearing protocol was more complicated due to lack of available sample. It was 

determined experimentally by gradually increasing the spindle angular velocity on samples until a steady 

power-law decay was observed and visual observation of the concentrated paste being sheared in the 

concentric cylinder shearing apparatus. The method demonstrated in the detailed example of Section 

3.4.5 (which will not be re-stated due to the length) could not be used due to the lack of available 

sample and significant wall slip effects.  

Optimizing flocculation required the use of four samples (8L out of 16L) leaving very little 

remaining stock tailings to study  Finally, a spindle speed of 350RPM was used for the tailings 

experiment. Complete shear was estimated though visual observation and power-law decay of the 

torque response of the concentric cylinder shearing apparatus. However, a strict power-law decay could 

not be confirmed (R2=0.99) as a result of instrument noise due to vibrations at such high spindle angular 

velocity. To ensure uniform shearing of the flocculated tailings, the concentric cylinder shearing 

apparatus was set to 10 minutes of shearing. After significant shear-induced rheology reduction of the 

flocculated tailings, complete shear could be visually observed. The contributing factors to the 

significant wall-slip are discussed in Section 4.7. 
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Chapter 4: Results and Discussion  

4.1 Introduction 

 In this chapter, tests to investigate the effect of shear energy input on polymer-flocculated 

kaolinite suspensions are reported. A limited data set for real, industrial tailings is also presented. Before 

the effects of shear energy are discussed, however, the initial properties – namely yield stress and 

particle size – of kaolinite dispersions prior to shearing will be discussed. A comparison of the initial 

properties for the five conditions tested here (see Table 4.1) will be made. The comparison will show 

that differences in both particle size and yield stress were related to both flocculant type and suspension 

pH. 

 After the initial paste properties have been displayed, the five main conditions will be discussed 

in order of increasing complexity. First, anionic acrylamides at pH 8.5 are discussed together as the 

results for the two polymers tested are very similar in both rheology and size reduction.  The main 

mechanism is a reduced apparent volume through floc breakage and densification. Next, the addition of 

cationic flocculant in dual-flocculation at pH 8.5 is compared to the case of single polymer (anionic 

acrylamide) flocculation. The comparison shows that yield stress and particle size reduction occur more 

rapidly. Furthermore, the flocs in dual-polymer flocculation show a slight recovery after long mixing 

times in low shear environments. These results can be explained by differences in floc structure arising 

from the cationic polymer. Next, dispersions flocculated with anionic acrylamides at pH 7 and pH 8.5 are 

compared. The initial rate of yield stress reduction was nearly identical at both pH values and was 

caused by a reduction of apparent solids fraction in both cases. However, as the pH was lowered from 

8.5 to 7, the equilibrium yield stress was raised quite substantially, by a factor of approximately 3. 

Finally, the effects non-conventional PEO are introduced and compared to the previous conditions. In 

the presence of 150g/tonne of PEO, flocs continued to flocculate in a thickened mixture even up to 1000 
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kJ/m3 of shear energy input and was the only condition where average particle size increased with 

shearing. In addition, high yield stresses were measured even at high energy inputs.  

 Real tailings were also studied and the results are interpreted using knowledge from the 

kaolinite suspension experiments listed above. The tailings were flocculated using A-C-A and the 

equilibrium (well-sheared) yield stress was slightly higher than that measured for the model tailings A-C-

A experiment. The higher equilibrium (well-sheared) yield stress was expected considering the pH was 

lower for the real tailings. Interesting differences in the evolution of size distribution indicate there may 

be effects related to gap width which will need further investigation. 

 The real industrial tailings had a much broader size distribution when dosed with polymer 

flocculants, and a substantial amount of flocs in the size range of 1-10𝜇m were produced. The flocs in 

the 1-10𝜇m size range grew when a large amount of shear energy was added to the system; after 

approximately 7000kJ/m3 there were almost no particles of this size range remaining. This phenomena 

was not observed with model tailings. In addition, the chord length distribution was nearly identical for 

all tailings samples (model and industrial tailings). 

4.2 Paste properties before shearing 

 A sample torque versus time graph is provided in Figure 4.1 taken from a Magnafloc® LT27AG 

flocculated paste at 41% wt. The peak torque can clearly be seen at approximately 100 seconds after 

which an equilibrium torque is established. The form of the torque versus time curve shown in Figure 

4.1 was observed for all conditions tested here. It was found that the time at which peak torque 

appeared was dependent on the angular velocity, but did not seem to impact the magnitude of the 

torque. Samples containing PEO could not be studied at lower angular velocity as the torque would 

reach a plateau rather than a peak, and did not decrease thereafter. The remaining peak torque values, 

yield stresses, and several characteristic torque versus time curves can be found in Appendix A. 
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Figure 4.1: Torque versus time traces of vane yield stress experiment of a kaolinite suspension 
flocculated with Magnafloc® LT27AG 

 

Particle mean diameters (d[3,2] and d[3,0]) were calculated using Equation 2.1 and 2.2 with the 

raw data provided from the FBRM software, which provides number counts over a chord length range of 

1-1000𝜇m. The Sauter mean diameter, d[3,2], was selected to optimize flocculation as it tracks the 

change in floc size with time and/or shear energy input. Additionally, d[3,2] was used in statistical 

analysis of the ‘paste-drop’ method because it was more sensitive to floc size. In the ‘paste-drop’ 

method, the true particle size distribution was obtained after homogenization of the mixture which 

required suspension of larger particles. The d[3,2] was more sensitive to larger particles and thus was 

used to track homogenization. The number volume mean, d[3,0], more efficiently tracks the 

fragmentation of flocs. The number based distributions provided by the software were converted to a 

volume based distribution by multiplying each number count by the cube of the corresponding chord 

length to produce a volume distribution. The volumes were then divided by the bin sizes to produce a  
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differential frequency distribution. An initial chord length distribution for a kaolinite suspension 

flocculated with Magnafloc® LT27AG is shown in Figure 4.2. The chord length distributions are initially 

mono-modal and the majority of particles are greater than 100𝜇m in size. Chord length distributions will 

be discussed in detail in following sections, and all size distributions are provided in Appendix A.  

It is important to understand that chord length distributions do not represent a true particle size 

distribution and should only be used to identify trends. In addition, as mentioned in Chapter 2, there is 

also a solids concentration of effect on the measured chord length. At higher solids concentrations, 

overlapping particles can be counted as one particle; and a full discussion of this issue is presented by Yu 

and Erickson (2008)44. In the present study, samples were diluted in order to achieve reproducible chord 

length distributions, as reproducible results were not obtained at high solids contents. The effect of 

solids concentration on measured chord length was evaluated by measuring size distributions at 3 

different solids concentrations. For the diluted suspensions test in the FBRM in the present study there 

was almost no effect of changing the solids concentration from 6-12% by mass on the measured chord 

length distribution. A full analysis of the effect of solids concentration on measured chord length is 

provided in Appendix C.  

In an attempt to at least qualitatively validate the size results obtained, the chord length 

distribution obtained for flocculation of kaolinite dispersions using Magnafloc® 1011 (from the present 

study) is compared to the particle sizes obtained from the image analysis technique of Vaezi et al. 

(2011)34. In their study, the same flocculant, similar kaolinite samples and slurry pH were tested. Floc 

diameters were in the range of 200𝜇m to roughly 1200𝜇m. In the present study, floc chord lengths 

during flocculation (shown in Figure 4.2) range from 200-1000𝜇m. The chord length range obtained from 

FBRM is quite comparable to the size range obtained through the though image analysis technique of 

Vaezi et al. (2011)34. One  
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Figure 4.2:  Volume based size distribution of kaolinite suspension flocculated with Magnafloc® LT27AG 
before insertion into shearing apparatus ( ) and after insertion into shearing apparatus ( ) 

 

limitation of FBRM is the upper size limit of 1000𝜇m and hence the largest flocs cannot be measured 

during flocculation. However this does not affect the results of the present study; the shear imparted 

during sample loading (into the concentric cylinder shearing apparatus) causes a significant reduction in 

floc size, shown in Figure 4.2. The significant reduction in floc size brought about during sample loading 

shifts the chord length distribution into an ideal range (<1000𝜇m). 

 Initial floc chord length distributions and vane yield stress measurements were dependent on 

flocculant type and pH, and can be seen in Table 4.1. Suspensions produced with anionic flocculants 

(Magnafloc® LT27AG or Magnafloc® 1011) yielded very similar results, with the two suspensions having 

similar initial yield stress values. The substantially larger floc sizes, measured as d[3,2], of Magnafloc® 

LT27AG arises from differences in polymer structure. 
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Table 4.1: Initial paste properties prior to energy input tests.  

 

Polymer Magnafloc® 
LT27AG 
pH 8.5 

(100g/tonne) 

Magnafloc® 
1011 

pH 8.5 
(100g/tonne) 

A-C-A 
pH 8.5 

(65g/tonne – 
85 g/tonne – 
35g/tonne) 

Magnafloc® 
LT27AG + PEO 

pH 8.5 
(100g/tonne –  
150g/tonne) 

Magnafloc® 
LT27AG pH 7 
(100g/tonne) 

Initial Yield 
Stress (Pa) 

 

130±10 130±20 140±20 360* 160±10 

Sauter Mean 
Diameter 

d[3,2] (μm) 
 

250±20 220±10 270±20 360** 240±20 

Volume  
Number Mean 

d[3,0] (μm) 

100±10 90±10 110±10 143** 110±10 

 

*Limited number of measurements taken – standard deviation not applicable. **True size is much greater than reported  - see Section 4.6 

 

The addition of cationic flocculant for the A-C-A system produced a larger d[3,2] and d[3,0] 

(shown in Table 4.1) than the anionic flocculant alone and a slightly higher yield stress as a result of the 

added electrostatic bonds. Magnafloc® LT27AG produced a suspension with a greater yield stress, along 

with smaller and denser flocs at pH 7 than at pH 8.5. This difference is due to the weaker electrostatic 

repulsions between the surface of kaolinite and the polymer chains at pH 7, thus resulting in stronger 

adsorption at the cost of lowered bridging efficiency. The net effect is the production of smaller, denser 

flocs (smaller d[3,2] at pH 7) but left fewer kaolinite particles un-flocculated (larger d[3,0] at pH 7), as 

shown in Table 4.1. When Magnafloc® LT27AG was combined with PEO, the floc size and mixture yield 

stress produced were much higher than those measured under any other condition (see Table 4.1). In 

fact, the reported d[3,2] and d[3,0] values are lower than the true values as a significant portion of 

particles were beyond the range of the instrument (>1000μm).This will be discussed in greater detail in 

Section 4.6. 
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4.3 Magnafloc® LT27AG and Magnafloc® 1011 flocculated suspensions at pH 8.5 

Changes in yield stress were well correlated with overall size reduction of flocs (Figure 4.3) as 

well as accumulation of fragmented particles in the size range of 10-100μm (Figure 4.4). Yield stress, size 

reduction and particle size evolution profiles were nearly identical between the two pastes; therefore 

data for Magnafloc® LT27AG flocculated pastes are shown here, while the corresponding data for 

Magnafloc® 1011 flocculated pastes are shown in Appendix A. The form of the rheology reduction is 

qualitatively similar to reports in the literature for real tailings sheared in a concentric cylinder 

viscometer16,18 and pipe flow17. Quantitatively, though, the reduction is more dramatic when compared 

to the results of Salinas et al. (2009)18 and Treinen et al. (2010)16, who observed reductions to 30-50% of 

the pre-shear value in concentric cylinder viscometers. Gillies et al. (2012)17 saw a reduction to 50% of 

the initial vane yield stress in their pipe flow experiments. There are two main differences between the 

test conditions of those earlier studies and the present work. The presence of coarse particles in the 

previous work accounted for a substantial amount of the total solids volume fraction and has been 

shown to augment yield stress by up to 80% in kaolinite dispersions57 . The present study does not 

contain coarse particles and hence the reduction is more enhanced. Also the previous studies involve 

more complex mixture chemistries (i.e. the presence divalent cations), which can adsorb to particle 

surfaces and enhance floc structure124. 

The dramatic 90% reduction in yield stress (Figure 4.3) for flocculated kaolinite clay suspensions 

at pH 8.5, with low salt concentration, can be explained as follows. The large porous flocs are 

fragmented and decrease in size, as shown in Figure 4.3. A decrease in floc size, as noted by Vaezi et al. 

(2011)34, was well correlated with a dramatic increase in floc density. Flocs greater than 400𝜇m were 

very porous and contained roughly 90-95% water whereas flocs near 200𝜇m were roughly 65% water. 

Thus as flocs are fragmented and decrease in size, the overall apparent solids volume fraction of the  
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Figure 4.3: Normalized functions of yield stress ( ) and number volume mean diameter ( ) plotted as a 
function of shear energy input for 41% wt. paste flocculated with Magnafloc® LT27AG at 100g/tonne. 
The function ‘f(E)’ is substituted for τv(E) and d[3,0](E) 

 

mixture decreases substantially. Particles below 200𝜇m account for 85% of the solids volume fraction of 

a well sheared mixture (E=1000 kJ/m3), whereas they only account for 47% of the volume fraction 

before shear. Fine particle suspension yield stress has an exponential19,20 or cubic67 relationship to solids 

volume fraction. Thus a dramatic rheology reduction to 10% of initial rheology would occur at 

approximately a 50% reduction in apparent volume through the relation from Thomas (1963)67, shown 

in Equation 2.7. 

Flocs formed by high molecular weight anionic acrylamides do not reform once broken. Thus the 

accumulation of fragmentations (see Figure 4.3 Figure 4.4) is irreversible. As previously mentioned, the 

fragmentations (and kaolinite particles) account for 85% of the solids volume fraction of the mixture of a 

well sheared mixture. At this stage of mixing, the large porous flocs (>400𝜇m) account for only 2% of the 

solids volume fraction and do not contribute to yield stress (see Figure 4.4). Hence the rheology of a well  
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Figure 4.4: Cumulative volume distribution as a function of particle chord length for un-sheared paste     
( ) and paste sheared with 1000 kJ/m3 of shear energy input ( ) 

 

sheared mixture (E=1000 kJ/m3) is dictated by the fragmentations, and their contribution is explained as 

follows. Due to the dramatic difference in size, fragmentations have a much higher surface area to 

volume ratio which is much closer to that of the initial kaolinite slurry shown (Figure 4.5); thus inter-

particle surface forces become increasingly important. The maximum yield stress of a fine-particle 

suspension occurs at the isoelectric point66,75,76, which for kaolinite is at approximately pH 278. The pH of 

the test suspension is 8.5, and much greater than that of the isoelectric point of kaolinite. The large 

difference in pH of the suspension and isoelectric point creates substantial surface charge, which results 

in considerable repulsive forces. The repulsive forces result in weakly interacting fragmented particles, 

thus producing very low yield stresses. 

Interestingly, despite the normalized yield stress decreasing from 0.2 to 0.1 from (E=400 kJ/m3 

to E=1000 kJ/m3 e.g. 
𝜏𝑉(400)

𝜏𝑉(0)
= 0.2  and 

𝜏𝑉(1000)

𝜏𝑉(0)
= 0.1), the chord length distributions and d[3,0] do not 

seem to significantly change. Changes in yield stress have been attributed to shape factors in previous  
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Figure 4.5: Chord length distribution of kaolinite slurry at pH 8.5 after 30 minutes of stirring prior to 
polymer addition ( ) and Magnafloc® LT27AG paste after 1000 kJ/m3 of shear energy ( ) 

 

studies, and may be responsible for the reduction in rheology from E=400 kJ/m3 to E=1000 kJ/m3. In 

future work particle shapes should be studied as a function of shear energy. 

Finally, the results suggest that the structure of anionic acrylamides is unimportant in predicting 

time-dependent rheology. The evolution of vane yield stress and d[3,0] were identical for both anionic 

acrylamide dosed kaolinite suspensions. The precise structure of the acrylamides, however, is provided 

qualitatively and strict conclusions cannot be drawn. Kaolinite dispersions dosed with low charge density 

anionic acrylamides are more deformable than high charge density acrylamides, and, this may result in 

flocs which first densify rather than fragmenting. A further investigation into charge density should be 

conducted in order to gain a more complete understanding on polymer structure and type on time-

dependent rheology.  
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4.4 Effect of cationic polymers in a dual-polymer system (A-C-A) 

A reduced apparent solids volume fraction was the main factor in yield stress reduction for a 

dual-polymer system. Initial rates of decrease in both yield stress and fragmentation were more 

pronounced in the presence of cationic polymer (Figure 4.6 and 4.7). The increased rates of yield stress 

and floc size reduction are the result of altered floc structure. The addition of cationic polymers to 

negatively charged particles results in flocs formed through charge neutralization. It is well 

documented92-95 that flocs formed through charge neutralization fragment more quickly than flocs 

formed through bridging associations. In Figure 4.7, we can see a clear bi-modal distribution has been 

established for A-C-A dosed kaolinite dispersions (charge neutralization) at E=200 kJ/m3, and this bi-

modal distribution is not present for kaolinite dispersions dosed with only anionic acrylamides 

(bridging). 

The effect of cationic flocculant is observed when comparing the fragmentation patterns of 

dispersions flocculated with A-C-A and those of Magnafloc® LT27AG only, shown in Figure 4.8. The 

fragmentations have enhanced structure for well sheared dispersions (E=1000 kJ/m3) due to the 

presence of cationic polymers. The cationic polymers produce positively charged patches on the 

fragmentations, allowing them to associate through electrostatic attraction with negatively charged 

patches of neighbouring fragmentations. Additionally, it is known that flocs produced through charge 

neutralization mechanisms have the ability to re-aggregate under the right hydrodynamic conditions 95. 

The slight recovery of d[3,0] and chord length distribution from E= 900 to 1100 kJ/m3 is shown in Figure 

4.9.This effect of floc recovery may be more dramatic in the presence of higher doses of cationic 

flocculant, as noted in theliterature112.  
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Figure 4.6: Power-law least squares regression models of yield stress decay for acrylamide flocculated 
suspensions at pH 8.5. Magnafloc® LT27AG R2=0.9689 ( ). Magnafloc® 1011 R2=0.9579 ( ).A-
C-A R2=0.8579 ( )  

 

Finally, when compared to kaolinite dispersions dosed only with anionic acrylamides, the vane 

yield stress at high energy inputs (E > 400 kJ/m3) exhibits different behaviour. The yield stress does not  

decrease after E=400 kJ/m3 for A-C-A dosed kaolinite dispersions and is the result of enhanced inter-

particle forces. 

4.5 Effect of pH 

Kaolinite dispersions flocculated at pH 7 and pH 8 had similar initial rates of rheology reduction 

(Figure 4.10a) up to E=200 kJ/m3, but deviated significantly thereafter (Figure 4.10a). The initial rates of 

rheology reduction were a result of floc size and apparent solids volume reduction (Figure 4.10b). 

However, the chord length distributions do not change accordingly for Magnafloc® LT27AG flocculated 

kaolinite dispersions at pH 7 and 8.5, despite similar normalized d[3,0] evolutions, shown in Figure 

4.11a. A clear bi-modal chord length distribution is not established until 500 kJ/m3 of shear energy input  
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Figure 4.7: Qualitative difference in particle size distributions of paste sheared by Magnafloc® LT27AG     
( ) and A-C-A ( ) at 200kJ/m3 of shear energy input. 

 

at pH 7 (as compared to 200-250 kJ/m3 at pH 8.5), as the flocs undergo densification first rather than 

fragmentation shown in Figure 4.11b. Additionally, the fragmentations produced do not reach their 

equilibrium size until E > 500 kJ/m3 inputs (compared to 350-400 kJ/m3 of shear energy input for 

previous other conditions). The initial densification event is due to the flocs being more deformable as a 

result of lower surface potential. The lowered surface potential of kaolinite results in lowered 

electrostatic repulsions between acrylate pendant groups on anionic acrylamides and the kaolinite 

particle surface. Hence the mechanism of rheology reduction changes with reductions in pH, and hence 

surface chemistry, of the fine particles. Increase in yield stress of a well-sheared mixture is a result of 

enhanced bonding between fragmented particles, and can be explained as follows. The increase in inter-

particle bond strength is a result of the inherent changes in kaolinite particles as pH is decreased. The 

kaolinite particles at pH 7 are much closer to the edge isoelectric point, pH 5.25, thus reducing surface 

charge and producing enhanced inter-particle bond strength when compared to pH 8.5. As previously  
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Figure 4.8: Fragmentations at equilibrium (>1000 kJ/m3) for dispersions flocculated with Magnafloc® 
LT27AG ( ) and A-C-A ( ) 

 

noted, the maximum yield stress of fine-particle suspensions occurs at the isoelectric point; hence yield 

stress increases at pH decreases. The effect of decreased pH can be seen in Figure 4.12a, where 

fragmentation sizes are substantially larger due to increased inter-particle bond strength. 

The importance of surface chemistry over zeta-potential is outlined. Zeta-potential of kaolinite 

particles at pH 8.5 is reduced when either cationic polymers are added, or pH is reduced to 7. Depending 

on the method used to reduce zeta-potential (cationic polymer or reducing pH) structure is affected 

(4.12b), and clearly rheology is also dramatically affected, as shown in Figure 4.13. 
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Figure 4.9: (a,LEFT) Normalized function number volume mean chord length plotted as a function of 
shear energy input for 41% wt. paste flocculated with an A-C-A system (Magnafloc® LT27AG at 
100g/tonne + Hychem Hyperfloc CD 650 85g/tonne) (b,RIGHT) Differential frequency size distribution at 
900 kJ/m3           ( ) and 1081 kJ/m3 ( ) showing slight recovery in chord length 

 

4.6 Effect of PEO 

4.6.1 A brief note on the issues of using PEO 

Studying the properties of flocculated kaolinite at pH 8.5 using PEO was troublesome. Consistent 

settling rates could not be obtained at reasonably low doses comparable to those used in other 

experiments. Each 3.5L batch of kaolinite suspension produced a different settling rate for doses below 

500g/tonne. This dose was much higher than doses in previous conditions and thus difficult to draw 

comparisons without, of course, bringing into question the effect of drastically differing  doses. The 

system could be ‘titrated’ such that PEO solution was slowly dispensed until a ‘flocculating point’ was 

observed, in an attempt to achieve consistency. This ‘flocculating point’ was the dose at which the 

system would change from a stable dispersion to one with large robust flocs and clear supernatant. The 

change was very abrupt and intermediate conditions were rarely observed. This method produced 
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Figure 4.10: (a) Normalized rheology reduction as a function of shear energy input (b) Normalized size 
reduction as a function of shear energy input. Magnafloc® LT27AG at pH 7 ( ) and pH 8.5 ( ) 

 

consistent, reproducible yield stresses for subsequent experiments. However, the paste produced could 

not be sheared in the concentric cylinder apparatus.  

Various apparatus were attempted to overcome wall slip effects arising in PEO-flocculated 

suspensions. Using a Haake Viscotester 550, MV-II and MV-III (2.6mm and 5.8mm gap widths) 

geometries were attempted, as well as large batch samples in the customized concentric cylinder 

(4.5mm gap) shearing apparatus. Complete shear was unattainable even at very high spindle speeds -80 

rad/s for Haake 550 Viscotester, 42 rad/s spindle speed for concentric cylinder shearing apparatus. The 

incomplete shear was observed visually - the paste would remain stationary as an annulus of water 

formed between the paste and cylinder wall. PEO was mixed with Magnafloc® LT27AG which provided 

both more consistent settling properties and the ability to shear it in a concentric cylinder mixer. When 

combined with Magnafloc® LT27AG, doses of PEO greater than 150g/tonne resulted in increasingly 

unpredictable behaviour (see Appendix A). Doses of 100g/tonne of PEO or less resulted in little to no  
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Figure 4.11: (a) 300kJ/m3 of shear energy input for paste at pH 7 ( ) and pH 8.5( ). (b) pH 7 
paste at 0 kJ/m3 ( ) and 300 kJ/m3 ( ) of shear energy input. 

 

noticeable effect on settling and rheology. Confirming a steady power-law decay for PEO-flocculated 

dispersions was also difficult. The complete shearing of the mixture could not be confirmed by a steady 

power-law decay in viscosity used in previous studies16,18, as the apparent viscosity was increasing 

during the first 60 seconds followed by a steady power-law decay, which is discussed in the following 

section. The spindle speed was selected based on visual observation of complete shearing of the mixture 

and will require further investigation. Measurements of sheared samples were not made until 60 

seconds of shearing was imparted to the mixture. This minimum amount of shear was to ensure 

complete shearing had occurred. 

4.6.2 Effect shear energy on kaolinite dispersions flocculated with PEO 

The elastic structure of PEO allows re-conformation of polymer chains and thus floc structure. 

PEO produced flocs with a dramatically reduced rate of yield stress decay, requiring nearly an order of 

magnitude more energy to achieve similar reductions in yield stress compared with other flocculants at  
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Figure 4.12: (a) Size distribution of well sheared paste (1000 kJ/m3) using Magnafloc® LT27AG pH 7    (
) and pH 8.5 ( ). (b) Size distribution of well sheared paste (1000 kJ/m3) using Magnafloc® 

LT27AG at pH 7 ( ) and A-C-A at pH 8.5 ( ). 

 

pH 8.5 (Figure 4.14). The resistance to yield stress decay is due to the robustness of the flocs and their 

ability to withstand moderate shear forces without rupturing, as reported by Mpofu et al. (2003)11 and 

McFarlane (2005)31. In contrast to the present study, they observed an increase in yield stress when the 

flocs were subject to moderate shear. However, in their studies, the yield stress before and after shear 

were measured at different solids concentrations. The densification of flocs when subjected to shear 

resulted in higher solids content for the post-shear yield stress measurements. In the present study, 

solids concentration is kept constant, and hence a decrease in yield stress is observed as a result of a 

reduction in apparent solids volume concentration. The reduction in apparent volume up to 1000 kJ/m3 

can be confirmed by the following observations. PEO-flocculated suspensions were left to stand 

quiescently for 10 minutes after 1000 kJ/m3 of shear. The suspension settled and a large amount of clear 

water rose to the top of the mixture, which account for roughly 10% of its volume (of the entire 

mixture). This result is concurrent with McFarlane (2005)31 which observed kaolinite suspensions  
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Figure 4.13: Rheology reduction of kaolinite dispersion flocculated with A-C-A at pH 8.5( ) and 
Magnafloc® LT27AG at pH 7 ( ) 

 

flocculated with PEO/anionic acrylamide. Beyond 1000 kJ/m3, the flocs began to fragment and followed 

the same reduction patterns experienced in all other conditions. The large flocs began to fragment, 

producing a significant population of particles in the 10-100𝜇m region (Figure 4.15a). Studies of the 

fractal dimensions34,88 of flocculated fine suspensions have demonstrated that density increases with 

decreasing floc diameter. They would strongly suggest that these particles are denser than the large 

flocs, hence contributing to a reduced apparent volume. The sudden change in behaviour at E=1000 

kJ/m3 is a result of the mechanical degradation of PEO. PEO chains break down in response to shear 

stress, and the reduction can be plotted as a function of energy input125,126.  

The behaviour observed from 0 – 1000 kJ/m3 was unique in comparison to other conditions. 

Flocculation continued during shearing up to 1000 kJ/m3 which was observed through an increase in floc 

size and changes in chord length distribution shown in Figure 4.15a. The d[3,0] doubled from 0 – 1000  
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Figure 4.14: Yield stress degradation profiles as a function of energy input for conditions tested at pH 
8.5. Magnafloc® LT27AG ( ), Magnafloc® 1011 ( ), A-C-A ( ), Magnafloc® LT27AG + PEO ( ) 

 

kJ/m3 (Figure 4.16a), and in fact the true value is most likely more than double as the particle size 

distribution is truncated, and limitations of FBRM prevented the observation of the full chord length 

distribution. The doubling of d[3,0] was a result of flocs increasing in size, while also flocculating the 

remaining fine particles in the mixture. The volume fraction of particles below 100𝜇m decreases from 

10% to 3% as 1000 kJ/m3 is imparted for the mixture, seen in the cumulative size distributions (Figure 

4.15b). In fact, the volume fraction of particles below 100𝜇m is most likely less than reported. The chord 

length distributions are truncated beyond 1000𝜇m due to instrumental limitations, and thus the volume 

fraction of particles with chord lengths larger than 1000𝜇m is not included in the calculation. The ability 

to flocculate in high shear environments stems from the elasticity of PEO and its ability to re-conform in 

changing hydrodynamic environments as demonstrated by Mpofu et al. (2003)11. 

In contrast to the yield stress, the apparent viscosity of the mixture increased to E=1000 kJ/m3 

(or the peak in size distribution) followed by a power-law decay thereafter, which can be seen in Figure 

4.16a. The torque steadily increases until approximately 60 seconds after which it begins to decay, seen  

0

0.2

0.4

0.6

0.8

1

0 1000 2000 3000 4000 5000 6000 7000 8000

τ v
(E

)/
τ v

(0
) 

E (kJ/m3) 



 

89 
 

 

Figure 4.15: ( ) 0 kJ/m3, ( ) 1000 kJ/m3, ( ) 7000 kJ/m3 (a) Differential frequency volume 

distribution of Magnafloc® LT27AG + PEO. (b) Cumulative volume distribution of Magnafloc® LT27AG + 

PEO. 

 

in Figure 4.16b. The unique behaviour in apparent viscosity is difficult to rationalize, as the available 

data would suggest a decrease in viscosity, as was seen with yield stress. Non-DLVO forces arising from 

PEO flocculated dispersions have been thoroughly investigated by Mpofu et al. (2003)11 and Rubio 

(1976)100, and may be the cause of the unusual behaviour in apparent viscosity. The entropic forces 

resulting from the displacement of water at the silica surface (hydrophobic forces) noted by Rubio 

(1976)100 are longer range than typical van der Waals forces78 and may be contributing to an increased 

momentum transfer between flocs. However, this conclusion is speculative at best and requires a 

thorough investigation. 

The effects of the presence of Magnafloc® LT27AG on floc structure should be considered, given 

that the preceding discussions are for kaolinite dispersions flocculated with a PEO/Magnafloc® LT27AG 

mixture. Far more mixing time and higher RPM was required to flocculate kaolinite suspensions with 

PEO than with acrylamides. This is a result of smaller sizes of the polymer in solution due to shielding of  
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Figure 4.16: (A) Initial value of torque/yield stress/size. (B) Yield stress and size at maximum torque 
value. (a) Yield stress ( ) and number volume mean ( ) as a function of energy input. (b) 
Normalized torque ( ) and RPM ( ) versus time of 41% wt. paste flocculated with 100g/tonne 
Magnafloc® LT27AG + 150g/tonne PEO at pH 8.5 

 

hydrophobic groups in comparison to acrylamides which are extended due to electrostatic repulsions11. 

Adsorption kinetic correlations127 have strong dependence on particle size, and hence it can be assumed 

that bridging occurs more rapidly for acrylamides than for PEO. For flocculation using a combination of 

acrylamides and PEO the majority of bridges formed during the early stages of flocculation are from 

acrylamide polymers and as a result initial floc structure resembles that of acrylamide-based flocs. 

Initially, molecular bridges formed from acrylamides; however, when these flocs are subject to shear 

inter-particle bonds are formed through more elastic and re-conformable PEO bridges. A study of PEO-

flocculated dispersions should be conducted in the absence of acrylamides to eliminate any effects 

brought about by the additional polymer. A roughened spindle should be used on the concentric 

cylinder shearing apparatus in order to obtain complete shearing across the gap. 
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4.7 Tailings experiments 

Tailings obtained from APEX Engineering were of approximately 15% wt. from a Teck mining 

site, and the full raw data are available in Appendix A. The ore was crushed and processed at APEX 

Engineering’s research lab where roughly 90% the bitumen was removed via flotation. The tailings were 

flocculated using A-C-A using 300g/tonne Magnafloc® LT27AG and 180g/tonne HyChem Hyperfloc 

CD650. The resulting paste was difficult to shear and required very high spindle speeds with respect to 

the model tailings. Further investigation is required to identify what factors caused these particular 

tailings to have distinctly different behaviour, given that the polymer-flocculated tailings studied by 

Treinen et al. (2010)16 could by studied via concentric cylinder viscometer. 

 The reduction in rheology of the industrial tailings sample, shown in Figure 4.17, is in general 

agreement with preceding model tailings experiments; however there are some slight quantitative 

differences. The rheology degraded in the same manner as kaolinite dispersions flocculated with 

acrylamides and the sample reached approximately 25% of the original yield stress which can be 

explained by the following parameters. The pH of the tailings was 7.9 and hence a greater equilibrium 

yield stress is expected than that of pH 8.5 dispersions (pH 8.5, 
𝜏𝑉(𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚)

𝜏𝑉(0)
= 0.1), and less than that 

of pH 7 dispersions (pH 7, 
𝜏𝑉(𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚)

𝜏𝑉(0)
= 0.3) from the model tailings experiments of previous 

sections. The dose of cationic polymer is more than double the amount used in the A-C-A experiments, 

and may have some contribution to equilibrium yield stress due to floc robustness112. Finally, the high 

salt concentrations and presence of divalent cations could be influencing floc structure124 and thus 

contributing to equilibrium yield stress.  

The flocculated industrial tailings had highly elastic properties similar to PEO-flocculated 

kaolinite suspensions, which could be observed macroscopically by manipulating the paste with one’s  
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Figure 4.17:  (LEFT) Yield stress ( ) and number volume mean diameter ( ) with respect to shear energy 
input. (RIGHT) Size distribution at 0 kJ/m3 ( ) and 5000 kJ/m3 ( ) 

 

hand. In addition, the effect of wall slip was much greater requiring considerably greater spindle speeds 

to obtain complete shearing. The difficulty in obtaining complete shear of the paste may be a result of 

hydrophobic forces arising from bitumen and asphaltene contents which remained in the tailings. The 

bitumen constituted approximately 10% wt. of the ore, and only 90% was recovered which leaves a 

considerable amount of bitumen in the system; estimated at approximately 10 000ppm. When 

compared to the amount of PEO required to generate this type of behaviour (~500ppm), we can see 

that it is very plausible that hydrophobic forces are responsible for this behaviour. 

In addition, an interesting feature is that the particles in the range of 1-10μm (flocs) actually 

seem to be increase in diameter during the shearing process and, in addition, the fragmentation pattern 

produced is ubiquitous among all conditions observed. This suggests that the ideal hydrodynamic 

fragmentation size may be dictated by the gap width in a concentric cylinder mixer. Clearly, this requires 

further investigation on the effect of gap width in order to explain this phenomenon. 

0

0.2

0.4

0.6

0.8

1

0 2000 4000 6000

τv
(E

)/
τ v

(0
) 

E (kJ/m3) 

0

0.2

0.4

0.6

0.8

1

1 10 100 1000

d
F/

d
D

 

Chord Length (μm) 



 

93 
 

Chapter 5: Conclusions and Recommendations 

5.1 General Summary 

The major conclusions of the preceding experiments can be summarized as follows: 

 

 Shear induced rheology reduction was well correlated with floc breakage and an accumulation 

of particles in the region of 10-100μm for kaolinite suspensions. The main determining factors 

for yield stress decay were the reduction in apparent volume due to large floc breakdown while 

the nature of the kaolinite particle surface and fragmentations were the main factors dictating 

the equilibrium yield stress. 

 Polymer structure and type had a strong influence on both rate of fragmentation, fragmentation 

structure and yield stress reduction. 

o Anionic acrylamide flocculants had nearly identical behaviour – significant accumulation 

of fragmentations between 10-100μm began at 200 kJ/m3 of energy input after which 

equilibrium size and yield stress were established at approximately 400 kJ/m3. 

o The addition of cationic polymers in a dual-polymer system resulted in more rapid 

fragmentation and yield stress reduction. Equilibrium behaviour began after 200 kJ/m3 

of shear energy input. Restructuring of smaller flocs occurred after energy inputs > 800 

kJ/m3 due to mixing of cationic polymer in a low shear environment. Equilibrium yield 

stresses were slightly higher and fragmentation structures were slightly larger 

o Suspensions flocculated with poly(ethylene oxide) showed significant wall-slip as an 

annulus of water formed between the paste and the concentric cylinder wall. These wall 

slip effects may be a result of a combination of the elasticity of poly(ethylene oxide) and 

hydrophobic forces 
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o Poly(ethylene oxide) allowed for floc densification and restructuring in high shear 

environments. Flocs experienced dramatic increase in size after 1000kJ/m3 of shear 

energy and the volume of fine particles experienced a dramatic reduction due to the 

majority being bridged into larger flocs. Yield stress decreased from 0-1000kJ/m3 of 

shear energy input due to floc densification and a reduction in apparent volume, 

however apparent viscosity increased and was most likely a result of non-DLVO forces. 

Excessive amounts of shear energy (7000 kJ/m3) resulted in floc breakdown and further 

yield stress reduction. Floc fragmentation followed a very similar pattern to other 

conditions at pH 8.5 

 Lowering the pH of the kaolinite slurry before flocculation from 8.5 to 7 had effects on yield 

stress and floc structure evolution 

o The equilibrium yield stress value of kaolinite suspensions flocculated with Magnafloc 

LT27AG increased markedly and plateaued at approximately 30-35% of the initial yield 

stress value (rather than 10-15% at pH 8.5) due to increased attractive inter-particle 

forces between kaolinite particles 

o Fragmented structures were considerably larger than those produced at pH 8.5 when 

flocculated with anionic acrylamides 

o Initial rates of yield stress and d[3,0] reduction were nearly identical to those of 

Magnafloc LT27AG at pH 8.5 and also resulted from a reduction in apparent volume 

o Reduction of apparent volume initially occurred through densification rather than 

fragmentation and a significant amount of fragmentations was not present until 500 

kJ/m3, rather than 200-250 kJ/m3 at pH 8.5 
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 Experiments on real tailings showed significant wall slip and brought forth some interesting 

considerations for future work 

o The effect of wall slip was quite pronounced and required roughly 3-4X the spindle 

speed when compared to model pastes and may be the result of hydrophobic forces 

from remaining bitumen and other organics 

o The initial (un-sheared) size distribution was much broader than the model pastes and 

became more narrow with shear energy input 

o A well sheared mixture had a nearly identical size distribution to the model pastes and 

actually showed a reduction in the volume of particles in the 1-10μm region 

o The size distribution of the well sheared mixture may suggest that geometry of the 

shearing apparatus plays a significant role in determining the ideal size of 

fragmentations 

5.2 Novel Contributions 

 A wide base of information is now available to predict initial yield stresses of polymer-

flocculated clay dispersions. In addition, the effect of shear energy on flocculation is outlined and should 

be considered in bench scale flocculation studies. However a gap in information is present in connecting 

these properties to time dependent behaviour of these mixtures.  

The present study provides the mechanism for rheological decay of flocculated suspensions in 

the form of reduced apparent volume concentration. In addition, the study provides methods of 

predicting rates of rheological decay based on polymer types and chemical environment of the 

dispersion. It also establishes concepts which can be used to modify the equilibrium yield stress which 

will be useful in long distance tailings transportation. 
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The study concludes in addition, that bench scale flocculation should be reported in terms of 

mixing energy. Simple reports of mixing speed and time are not sufficient for scaling up to industrial 

applications. 

Lastly, the study outlines the design and use of a specialized concentric cylinder shearing 

apparatus which can be used to characterize tailings without the complications of a thickener or pipe-

loop. The apparatus allows a simplified method to characterize tailings without requiring large volumes 

of sample. 

5.3 Uncertainties and Challenges 

5.3.1 Entrapped Air 

Due to the highly shear sensitive nature of the paste produced, the entrapped air could not be 

removed from the samples. Hence, despite the high agreement of paste density between varying 

samples, the air was removed for density measurements and as a result the true density of each 

condition is not known, and measurement thereof would be very difficult. 

In addition, due to the high yield stress of the paste pockets of air were trapped in the shearing 

apparatus during loading and hence a varying amount of entrapped air was entrained into the sample 

during shearing. In addition, this may have greatly affected shear energy inputs as the amount of wall 

shear stress over pockets of air is negligible. However, after approximately 30s of shearing the mixture 

became homogenized and wall shear stress was consistent across the length of the rotating spindle. 

Further investigation into the quantification of air entrapment and the removal thereof may be 

beneficial for future studies. 
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5.3.2 Instrument Noise 

Due to the large scale of the shearing apparatus, vibrations from the motor and surrounding 

area were difficult to eliminate and generated noise, which was significant at lower torque ranges. The 

noise was sinusoidal in nature and hence did not affect the energy input calculation, as the integral of a 

sin function is near zero and can be neglected. In addition, rate of energy addition was much lower at 

low torques. Hence the noise did not affect the form of the graphs because low torques were only 

achieved at equilibrium, where resolution is not as important (dCL/dE = dτV/dE ~ 0). 

e.g. (B, A,C, K are constants, P is power) 

𝐸′(𝑡) = 𝑃−𝐾𝑡 + sin (𝐴𝑡) 

Then, when t1 is large we have: 

𝐸(𝑡) =  ∫ (𝐵−𝐾𝑡 + Csin(𝐴𝑡))𝑑𝑡
𝑡=𝑡1

𝑡=0

≅  ∫ 𝐵−𝐾𝑡𝑑𝑡
𝑡=𝑡1

𝑡=0

 

  

5.3.3 Vane size 

The use of a small vane may have contributed to inaccuracies in yield stress measurements for 

un-sheared samples and those at low energy input. The high yield stress of these samples lead to the 

formation of pockets of air and in the event that the vane was immersed into a pocket of air it would 

substantially lower the yield stress measurement. In the future, scaling up the experiment and using a 

much larger vane may produce a more consistent result. 
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5.3.4 FBRM Measurements 

The chord length distribution of a sample was estimated using a small fraction of the sample and 

hence may have introduced a small margin of error. After the paste is sheared and poured into a beaker, 

it is inevitable that the paste from the bottom of the cup of the shearing apparatus will be at the top of 

the beaker. Only the paste from at the top of the beaker can be measured for size without altering the 

sample (e.g. to reach the paste at the bottom, the paste must be mixed or poured out resulting in some 

added shear). In addition the surface of the sample in the beaker is disturbed during vane yield stress 

measurements which may further affect the subsequent size measurement. 

In order to avoid these issues, it is recommended to increase the scale of the shearing apparatus 

to accommodate much larger sample sizes, such that a large portion of sample can be set aside for size 

measurements and is not disturbed by the placement of the vane during yield stress measurements. 

5.4 Recommendations for future work 

The present study was conducted on a highly idealized system in order to gain insight into the time 

evolution of rheology and particle size distribution of polymer dosed kaolinite dispersions. However, 

there remain many unknowns. In terms of mixture chemistry there remains many issues to be studied: 

 Effect of divalent cations should be investigated. Divalent cations have been shown to 

increase settling-rate and increase supernatant clarity. In addition, there was a strong 

presence of divalent cations in the tailings samples, thus preventing concrete conclusions 

from being drawn from concepts produced. Indeed the effect of divalent cations should be 

studied on both particle size and yield stress evolution. 

 Effect of charge density of anionic acrylamides. The Frangibility of flocs changed with pH, as 

a result of reduced electrostatic repulsions between acrylate groups and kaolinite surface at 
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pH 7. In addition, acrylamides with lower charge densities produce flocs which are more 

deformable. The effect of shear energy on these systems should be investigated. 

 Effect of dose of cationic polymers (charge neutralization). The effect of dose of cationic 

polymer has been shown to affect the rate of degradation of flocs, and their robustness. 

 Effect of organic acids, bitumen (organic matter) on wall slip. Given the amount of slip 

encountered in the presence of PEO and/or organic matter from industrial tailings, the 

effect of these should be studied on wall slip and time-dependent rheology 

 Effect of mineralogy, as only kaolinite was used in the model experiments. Full 

interpretation of industrial tailings experiments would require knowledge of how each type 

of mineral commonly encountered influences time dependent rheology and floc size 

evolution 

 Effect of PEO (in absence of other polymers). Given the unique results produced from the 

PEO/Magnafloc® LT27AG blend, PEO flocculated suspensions should be studied. 

From a mechanical standpoint, there are also many challenges to be addressed: 

 Given the typical fragmentation pattern which developed under all conditions, a study into gap 

width, pipe diameter etc. should be investigated. There may be an ideal hydrodynamic size 

which develops that is dependent on the gap width 

 The effects of spindle angular velocity or pipeline velocity should be studied to determine if 

there are effects on the rate of decay of both rheology and size distribution. 
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Appendix A: Supplementary data 

Table A.1: MagnaFloc 1011 density data 

 

Batch 1    

Sample Mass (g) % by mass Volume 
fraction 

1 6.68 40.4 0.204 

2 6.67 40.2 0.202 

3 6.75 41.6 0.212 

4 6.65 39.8 0.200 

5 6.69 40.6 0.205 

6 6.76 41.8 0.213 

7 6.67 40.2 0.202 

8 6.66 40.0 0.201 

9 6.8 42.5 0.218 

10 6.68 40.4 0.204 

Batch 2    

Sample Mass (g) % by mass Volume 
fraction 

1 6.62 39.3 0.196 

2 6.75 41.6 0.212 

3 6.74 41.5 0.211 

4 6.76 41.8 0.213 

5 6.77 42.0 0.215 

6 6.63 39.5 0.198 

7 6.67 40.2 0.202 

8 6.77 42.0 0.215 

9 6.71 40.9 0.207 

10 6.74 41.5 0.211 

Batch 3    

Sample Mass (g) % by mass Volume 
fraction 

1 6.71 40.9 0.207 

2 6.72 41.1 0.208 

3 6.77 42.0 0.215 

4 6.7 40.8 0.206 

5 6.7 40.8 0.206 

6 6.66 40.0 0.201 

7 6.67 40.2 0.202 

8 6.71 40.9 0.207 

9 6.66 40.0 0.201 

10 6.74 41.5 0.211 
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Table A.2: Magnafloc LT27G density data 

 

Batch 1    

Sample Mass (g) % by mass Volume 
fraction 

1 6.72 41.1 0.208 

2 6.76 41.8 0.213 

3 6.77 42.0 0.215 

4 6.76 41.8 0.213 

5 6.75 41.6 0.212 

6 6.74 41.5 0.211 

7 6.71 40.9 0.207 

8 6.78 42.2 0.216 

9 6.74 41.5 0.211 

10 6.76 41.8 0.213 

Batch 2    

Sample Mass (g) % by mass Volume 
fraction 

1 6.8 42.5 0.218 

2 6.8 42.5 0.218 

3 6.82 42.9 0.221 

4 6.8 42.5 0.218 

5 6.8 42.5 0.218 

6 6.76 41.8 0.213 

7 6.82 42.9 0.221 

8 6.85 43.4 0.224 

9 6.76 41.8 0.213 

10 6.78 42.2 0.216 

Batch 3    

Sample Mass (g) % by mass Volume 
fraction 

1 6.82 42.9 0.221 

2 6.76 41.8 0.213 

3 6.75 41.6 0.212 

4 6.79 42.3 0.217 

5 6.75 41.6 0.212 

6 6.76 41.8 0.213 

7 6.76 41.8 0.213 

8 6.77 42.0 0.215 

9 6.78 42.2 0.216 

10 6.77 42.0 0.215 
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Table A.3: A-C-A density data 

 

 

Batch 1    

Sample Mass (g) % by mass Volume 
concentration 

1 6.67 40.2 0.202 

2 6.67 40.2 0.202 

3 6.7 40.8 0.206 

4 6.58 38.6 0.192 

5 6.72 41.1 0.208 

6 6.53 37.6 0.185 

7 6.76 41.8 0.213 

8 6.65 39.8 0.2 

9 6.57 38.4 0.190 

10 6.7 40.8 0.206 

Batch 2    

Sample Mass (g) % by mass Volume 
concentration 

1 6.68 40.4 0.204 

2 6.77 42.0 0.215 

3 6.66 40.0 0.201 

4 6.58 38.6 0.192 

5 6.62 39.3 0.196 

6 6.69 40.6 0.205 

7 6.69 40.6 0.205 

8 6.73 41.3 0.210 

9 6.74 41.5 0.211 

10 6.65 39.8 0.200 

Batch 3    

Sample Mass (g) % by mass Volume 
concentration 

1 6.67 40.2 0.202 

2 6.72 41.1 0.208 

3 6.74 41.5 0.211 

4 6.61 39.1 0.195 

5 6.59 38.8 0.193 

6 6.69 40.6 0.205 

7 6.66 40.0 0.201 

8 6.66 40.0 0.201 

9 6.69 40.6 0.205 

10 6.69 40.6 0.205 
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Table A.4: LT27AG pH 7 density data 

 

Batch 1    

Sample Mass (g) % by mass Volume 
concentration 

1 6.82 43.8 0.221 

2 6.87 43.7 0.227 

3 6.89 44.0 0.229 

4 6.74 41.5 0.211 

5 6.83 43.0 0.222 

6 6.85 43.4 0.224 

7 6.83 43.0 0.222 

8 6.81 42.7 0.219 

9 6.73 41.3 0.210 

10 6.85 43.4 0.224 

Batch 2    

Sample Mass (g) % by mass Volume 
concentration 

1 6.8 42.5 0.218 

2 6.94 44.9 0.235 

3 6.88 43.9 0.228 

4 6.77 42.0 0.215 

5 6.95 45.0 0.236 

6 6.87 43.7 0.227 

7 6.81 42.7 0.219 

8 6.89 44.0 0.229 

9 6.93 44.7 0.234 

10 6.88 43.9 0.228 

Batch 3    

Sample Mass (g) % by mass Volume 
concentration 

1 6.74 41.5 0.211 

2 6.84 43.2 0.223 

3 6.86 43.5 0.226 

4 6.74 41.5 0.211 

5 6.76 41.8 0.213 

6 6.72 41.1 0.208 

7 6.79 42.3 0.217 

8 6.88 43.9 0.228 

9 6.76 41.8 0.213 

10 6.81 42.7 0.219 
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Table A.5: Magnafloc® LT27AG pH 8.5  yield stress data. TMAX values are represented as an average of the 
three measurements taken from each pre-shear and sheared sample 

  Pre-Shear Sheared 

Sample Energy (kJ/m3) TMAX (𝜇N·m) τv (Pa) TMAX (𝜇N·m) τv (Pa) 

1 84 2430 137 1788 101 

2 91 2440 138 1815 102 

3 87 2447 138 1477 83 

4 104 2327 131 1535 87 

5 75 2343 132 1630 92 

6 77 2545 143 2070 117 

7 94 2390 135 1505 85 

8 184 2370 134 970 55 

9 120 2120 120 1225 69 

10 112 2300 130 1570 89 

11 117 2370 134 1390 78 

12 153 1920 108 850 48 

13 165 1985 112 820 46 

14 201 2168 122 690 39 

15 197 2200 124 667 38 

16 234 2253 127 713 40 

17 252 1990 112 567 32 

18 256 2003 113 693 39 

19 284 2147 121 557 31 

20 314 2415 136 685 39 

21 275 2200 124 557 31 

22 318 2367 133 607 34 

23 367 2297 129 527 30 

24 397 2017 114 453 26 

25 377 2140 121 453 26 

26 463 1913 108 303 17 

27 364 2057 116 318 18 

28 538 2487 140 320 18 

29 555 2217 125 300 17 

30 624 2432 137 303 17 

31 787 2168 122 290 16 

32 726 2022 114 197 11 

33 745 2150 121 182 10 

34 1178 2165 122 193 11 

35 1046 2395 135 210 12 

36 941 2080 117 187 11 
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Table A.6: Magnafloc® 1011 pH 8.5 yield stress data. TMAX values are represented as an average of the 
three measurements taken from each pre-shear and sheared sample 

  Pre-Shear Sheared 

Sample Energy (kJ/m3) TMAX (𝜇N·m) τv (Pa) TMAX (𝜇N·m) τv (Pa) 

1  2200 124 1708 96 

2  2358 133 1725 97 

3  2208 124 1370 77 

4  2133 120 1250 70 

5  1923 108 1020 57 

6  2238 126 1083 61 

7  2280 129 1010 57 

8  2493 141 910 51 

9  2013 113 670 38 

10  2190 123 773 44 

11  2085 118 743 42 

12  2432 137 810 46 

13  2155 121 630 36 

14  2207 124 617 35 

15  2450 138 527 30 

16  2227 126 547 31 

17  2230 126 540 30 

18  1983 112 483 27 

19  2058 116 513 29 

20  2098 118 550 31 

21  1940 109 365 21 

22  2270 128 403 23 

23  1965 111 263 15 

24  2140 121 313 18 

25  1848 104 250 14 

26  2023 114 310 17 

27  2148 121 217 12 

28  2147 121 187 11 

29  2433 137 327 18 

30  2340 132 200 11 
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Table A.7: A-C-A pH 8.5 yield stress data. TMAX values are represented as an average of the three 
measurements taken from each pre-shear and sheared sample 

  Pre-Shear Sheared 

Sample Energy (kJ/m3) TMAX (𝜇N·m) τv (Pa) TMAX (𝜇N·m) τv (Pa) 

1 86 2895 163 2038 115 

2 100 2673 151 1923 108 

3 102 2000 113 910 51 

4 13 2597 146 1183 67 

5 155 2328 131 1178 66 

6 146 2287 129 830 47 

7 164 2152 121 740 42 

8 183 2510 141 830 47 

9 205 2437 137 727 41 

10 218 2428 137 687 39 

11 180 2360 133 442 25 

12 255 2722 153 555 31 

13 247 2567 145 473 27 

14 299 2680 151 597 34 

15 302 2855 161 503 28 

16 263 2482 140 375 21 

17 309 2655 150 547 31 

18 337 2585 146 370 21 

19 429 2510 141 393 22 

20 495 2910 164 428 24 

21 688 2232 126 277 16 

22 475 2398 135 287 16 

23 484 2590 146 240 14 

24 453 2678 151 393 22 

25 655 2147 121 198 11 

26 908 2097 118 210 12 

27 1036 3118 176 300 17 

28 1018 1713 97 167 9 

29 1081 2047 115 150 8 

30 1096 1727 97 212 12 
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Table A.8: Magnafloc® LT27AG pH 7  yield stress data. TMAX values are represented as an average of the 
three measurements taken from each pre-shear and sheared sample 

  Pre-Shear Sheared 

Sample Energy (kJ/m3) TMAX (𝜇N·m) τv (Pa) TMAX (𝜇N·m) τv (Pa) 

1 80 2892 2245 163 127 

2 167 2908 1163 164 66 

3 291 2835 1178 160 66 

4 306 3048 1023 172 58 

5 506 2622 887 148 50 

6 693 2668 850 150 48 

7 977 2767 740 156 42 

8 1580 2923 727 165 41 

9 2145 2773 740 156 42 

10 2690 2535 715 143 40 

 

 

Table A.9: Magnafloc® LT27AG + poly(ethylene oxide) pH 8.5  yield stress data. TMAX values are 
represented as an average of the three measurements taken from each pre-shear and sheared sample 

  Pre-Shear Sheared 

Sample Energy (kJ/m3) TMAX (𝜇N·m) τv (Pa) TMAX (𝜇N·m) τv (Pa) 

1 1306 6990 394 2747 155 

2 7048 5908 333 313 18 
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Table A.10: Teck Ore data 

Mass 
Bitumen Mass Solids 

Mass 
Water Mass Total Bitumen Solids Water Recovery MBI 

MBI 
corrected 

11.31 86.52333 4.033333 101.6467 11.12667 85.12333 3.966667 100.2167 1.2343 1.2343 
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Figure A.1: (BLACK) Normalized RPM versus time. (DARK GREY) Sample 1 using 100g/tonne Magnafloc 
LT27AG and 200g/tonne poly(ethylene oxide), oeak torque occurs at approximately 95s. (LIGHT GREY) 
Sample 2, using 100g/tonne Magnafloc LT27AG and 200g/tonne poly(ethylene oxide), peak torque 
occurs at 135s. 
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Figure A.2: Normalized functions of yield stress ( ) and number volume mean diameter( ) plotted as a 
function of shear energy input for 41% wt. paste flocculated with an A-C-A system (Magnafloc LT27AG at 
100g/tonne + Hychem Hyperfloc CD 650 85g/tonne)(MIDDLE) Differential frequency distribution of 
particle volume of 41% by mass paste produced with A-C-A (100g/tonne Magnafloc LT27AG + 85g/tonne 
Hychem Hyperfloc CD650) at pH 8.5. (BOTTOM) Cumulative volume distribution of 41% by mass paste 
produced A-C-A (100g/tonne Magnafloc LT27AG + 85g/tonne Hychem Hyperfloc CD650)at pH 8.5 
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Figure A.3: (TOP) Normalized functions of yield stress and number volume mean diameter plotted as a 

function of shear energy input for 41% by mass paste flocculated with Magnafloc® 1011 at 100g/tonne 

pH 8.5 (MIDDLE) Differential frequency distribution of particle volume of 41% by mass paste produced 

with 100g/tonne Magnafloc® 1011 at pH 8.5. (BOTTOM) Cumulative volume distribution of 41% by mass 

paste produced with 100g/tonne Magnafloc® 1011 at pH 8.5 
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Appendix B: Chord length distribution statistics and selection of proper chord length 

 

 

Figure B.1: dCL/dt versus t when dropping 41% by mass paste into stirring solution of de-ionized water 

 

A Matlab code was formulated to select the most accurate particle chord length distribution, which 

based the selection on the establishment of a dynamic equilibrium. The model reported Sauter mean d50 

values, and, with reference to figure A.2.1, the initial spike in dCL/dt (dCL/dt MAX) is a result of the 

addition of the addition of paste to the stirring de-ionized water with the larger particles settling more 

rapidly and the subsequent minimum dCL/dt (dCL/dt MIN) results from the larger particles being 

suspended as the mixture is homogenized. The dCL/dt reaches equilibrium when the mixture is 

homogeneous, and at this point the d50 measurement is the most accurate representation of particle  
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Figure B.2: Particle density functions of min dCL/dt, max dDdt and equilibrium showing the difference 

between these points 

 

chord length distribution. The code selected the first point after dCL/dt MIN A where dCL/dt>-3 as the 

first point at equilibrium. 

First, the chord length distributions at dCL/dt max and dCL/dt min were proven to be statistically 

different from the equilibrium points using an exponential fit model in Matlab. The null hypothesis (the 

null hypothesis being that the populations are equal, or, ‘μ=μo’) of the distributions was rejected under 

all confidence intervals tested (95%, 90%, 80%). A typical result is shown in figure B.2 and distinctly 

shows that the chord length distributions at dCL/dt MAX and dCL/dt MIN diverge from the equilibrium 

value. In addition, the Matlab code also took the average and standard deviation of dCL/dt for the first 

20 seconds  
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Table B.1: Statistical data for equilibrium conditions 

Condition 
dCL/dt 
(𝜇m/s) 
MAX 

dCL/dt  
(𝜇m/s) 

MIN 

Equilibrium 
(𝜇m/s) 
dCL/dt 
mean 

Equilibrium 
(𝜇m/s) 
dCL/dt 
stdev 

Range Max 
(𝜇m/s) 

 (+3 STDEV) 

Range Min 
(𝜇m/s)   

(-3 STDEV) 

MF LT27AG pH 8.5 
RN-3-15 

129.1105 -16.3565 0.121999785 1.804476906 5.535430502 -5.291430932 

MF LT27AG pH 8.5 
RN-2-274 

157.3824 -32.8307 -0.817214386 1.81767829 4.635820485 -6.270249256 

MF LT27AG pH 8.5 
RN-3-12 

83.44614 -16.0029 -0.348879194 1.832374192 5.148243383 -5.846001771 

MF LT27AG pH 7 
RN-3-39 

132.669 -3.58328 -0.822368397 1.539036506 3.79474112 -5.439477913 

MF LT27AG pH 7 
RN-3-40 

201.9476 -45.6338 -0.626246254 0.963624964 2.264628638 -3.517121147 

MF LT27AG pH 7 
RN-3-42 

149.6338 -13.883 -0.429464998 1.068898927 2.777231784 -3.63616178 

MF 1011 pH 8.5  
RN-2-288 

155.6221 -22.7513 -0.745835869 2.891334807 7.928168553 -9.41984029 

MF 1011 pH 8.5  
RN-2-316 

175.3124 -37.0134 -0.937234365 2.135646038 5.469703748 -7.344172478 

MF 1011 pH 8.5  
RN-3-24 

159.5339 -21.8934 -0.179997081 1.656288164 4.78886741 -5.148861572 

ACA pH 8.5  
RN-2-345 

161.6491 -19.185 -0.85662122 0.901568556 1.848084448 -3.561326887 

ACA pH 8.5  
RN-3-18 

169.4879 -26.2074 -0.05733245 1.277384836 3.774822057 -3.889486957 

ACA pH 8.5  
RN-3-21 

193.1439 -26.9366 -0.196063109 1.089785692 3.073293968 -3.465420186 

 

 

starting from the first equilibrium point. The initial values, dCL/dt MAX and dCL/dt MIN, did not fall 

within three standard deviations of the equilibrium for all experiments except one, further 

demonstrating that dCL/dt max and dCL/dt min are not in equilibrium and hence do not sufficiently 

represent the true chord length distribution of the mixture. The data is shown in table B.1, clearly 

showing that dCL/dt MAX and dCL/dt MIN lie well outside the range of equilibrium. 
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Figure B.3: Magnafloc 1011 pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.4: Magnafloc 1011 pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.5: Magnafloc 1011 pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.6: Magnafloc LT27AG pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.7: Magnafloc LT27AG pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.8: Magnafloc LT27AG pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.9: A-C-A pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.10: A-C-A pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.11: A-C-A pH 8.5 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 



 

138 
 

 

Figure B.12: Magnafloc LT27AG pH 7 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.13: Magnafloc LT27AG pH 7 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Figure B.14: Magnafloc LT27AG pH 7 (TOP) Chord length distribution analysis (BOTTOM) dCL/dt vs t 
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Appendix C: Effect of volume concentration of measured chord length 

The first reason for dilution of the 41% by mass paste was that the samples would foul very 

quickly and size measurements were not reproducible. At this concentration range, the FBRM probe 

could not discriminate between adjacent particles in many cases which lead to very large mean 

diameters and unreliable measurements. In addition, bubbles of entrained air drastically affected size 

measurements, as a comparison with the peak floc size during flocculation was less than that of the 

initial floc size of moderately sheared paste. Lastly, the dilution allowed for low energy input into the 

flocs thus reducing the rate at which the d50 would decrease. The conditions attempted are shown 

below in Table C.1. 

The effect of dilution was tested for all three conditions. Mixtures were tested at three different 

dilutions – 6% by mass, 8%by mass, and 12% by mass As the solids content of the system increased, the 

size measurements became more problematic due to a clear mudline being established, which can be 

seen by the gradual decrease to a pseudo-equilibrium value shown in Figure C.1. At low solids content, 

the larger particles were quickly suspended and no mudline was observed. On the other hand, at 12% by 

mass in all three conditions a distinct mudline was present which altered the measurement of the 

particles. The particles below the mudline consisted of the macroscopically visible flocs and above the 

mudline was turbid water containing a considerable amount of the smaller particles. Hence the probe 

tip was not measuring a homogenous mixture so the size measured was not representative of the entire 

system. This phenomenon is apparent when observing dCL/dt (where ‘CL’ represents chord length) and 

size versus time of an FBRM experiment at 6% by mass versus one measured at 12% by mass shown in 

figure 3.9. As a result of the equilibrium taking longer to establish itself, the flocs are subject to more 

shear forces in order to take a representative measurement of the system which could affect the size 

distributions. A relationship was established between particle d50 and solids concentration in the system  
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Table C.1: Conditions tested for reproducibility of particle size measurement from 41% by mass paste 

Condition Reproducibility 

Un-diluted paste, stirring with FBRM probe (no 

over-head stirrer) 

- Initial measurements were consistent but 

affected by air entrapment. 

- Sheared paste fouled within 10-20 seconds and 

was not reproducible 

Un-diluted paste 

Overhead stirrer at 90RPM 

- Initial d50 continued to increase with time, no 

equilibrium value obtained. Produced air bubbles 

as mass-volume d50 seemed to increase to over 

700µm 

- Final d50 did not reach an equilibrium quickly (20 

seconds) hence energy input becomes 

consideration. Fouled for some samples 

Un-diluted paste 

Overhead stirrer at 150RPM 

- Initial d50 did not establish equilibrium within 20 

seconds. Fouling for many samples, not 

reproducible. 

- Final d50 reached an equilibrium quickly within 4-

6 seconds. 

Un-diluted paste 

Overhead stirrer at 60RPM 

- Initial d50 fouled 

- Final d50 fouled 

Paste diluted to 6% by mass in 500mL pH 8.5 de-

ionized water 

Overhead stirrer at 350RPM 

Produced a consistent result. Both initial and final 

measurements established an equilibrium within 

2-4 seconds from addition of paste. 
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where measured d50 seemed to increase with solids concentration. With references to Figures C.1, C.2 

and C.3, we can see that size measurement seemed to peak at 8% by mass – this is most likely a result of 

the interplay of two factors. The mudline present at 8% by mass was present only for the first few 

seconds and hence equilibrium was established much more quickly when compared to 12% by mass 

mixtures and flocs were subject to less shear. Secondly, while also reaching equilibrium in a similar time 

frame as the 6% by mass mixtures and hence being subject to similar amounts of shear, the solids 

concentration was higher. 
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Figure C.1: A-C-A dilution tests. (TOP) Size measurement evolution profiles for varying solids 
concentrations of suspension from FBRM experiment. (MIDDLE) Time derivative of size showing the 
presence of a mudline at 12% by mass which is not present at 6% by mass (BOTTOM) Equilibrium size 
measurements of paste at varying solids concentration 
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Figure C.2: Magnafloc LT27AG dilution tests. (TOP) Size measurement evolution profiles for varying 
solids concentrations of suspension from FBRM experiment. (MIDDLE) Time derivative of size showing 
the presence of a mudline at 12% by mass which is not present at 6% by mass (BOTTOM) Equilibrium 
size measurements of paste at varying solids concentration 
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Figure C.3: Magnafloc 1011 dilution tests. (TOP) Size measurement evolution profiles for varying solids 
concentrations of suspension from FBRM experiment. (MIDDLE) Time derivative of size showing the 
presence of a mudline at 12% by mass which is not present at 6% by mass (BOTTOM) Equilibrium size 
measurements of paste at varying solids concentration 
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Appendix D: Supplemental Data Regarding Development of Procedures 

Table D.1: Mixing conditions of poly(ethylene oxide) solutions, all glass containers were 3” in diameter 

 

Conditions Result 

1. Cylindrical container geometry with sharp edges 

2. 70mL, 1% by mass 2h30min, 100RPM (impeller 3mm above bottom) 

3. Diluted to 280mL, 100RPM, 1min (impeller 3mm above bottom) 

4. 100RPM, 6h (impeller 3cm above bottom) 

Not solubilized 

1. Cylindrical container geometry with sharp edges 

2. 80mL, 1% by mass 5h, 100RPM (impeller 3mm above bottom) 

3. Diluted to 320mL, 100RPM, 12h (impeller 3cm above bottom) 

Not solubilized 

1. Cylindrical container geometry with sharp edges 

2. 80mL, 1% by mass 8h, 150RPM, ice bath (impeller 3mm above bottom) 

3. Diluted to 320mL, 150RPM, 12h (impeller 3cm above bottom) 

Solubilized 

𝜇=0.0374 Pa·s 

1. Cylindrical container geometry with sharp edges 

2. 80mL, 0.5% by mass 4h, 150RPM, ice bath (impeller 3mm above bottom) 

3. Diluted to 160mL, 150RPM, 4h (impeller 3cm above bottom) 

Not solubilized 

1. Cylindrical container geometry with rounded edges 

2. 100mL, 0.8% by mass 1h, 150RPM, ice bath (impeller at bottom) 

3. Added 10mL, stirred for additional 7h, 150RPM ice bath(impeller at bottom) 

4. Diluted to 320mL, 300RPM, 1min (impeller at bottom) 

5. Diluted to 320mL, 150RPM, 12h (impeller 3cm above bottom) 

Solubilized 

𝜇=0.0374 Pa·s 

1. Cylindrical container geometry with rounded edges 

2. 80mL, 1% by mass 30min, 150RPM (impeller 3mm above bottom) 

3. Added 20mL, stirred for additional 5h, 150RPM (impeller 3mm above bottom) 

4. Diluted to 320mL, 300RPM, 1min (impeller 3mm above bottom) 

5. Diluted to 320mL, 150RPM, 10h (impeller 3cm above bottom) 

Solubilized 

𝜇=0.0395 Pa·s 
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FBRM flocculation 

 

Figure D.1: FBRM chord length versus time data of a flocculation experiment of an 8% by mass kaolinite 
suspension at pH 8.5 where 100g/tonne of Magnafloc® LT27AG is added as 0.1% by mass solution over 
40 seconds, and left to flocculate for 1000 seconds. Sauter mean diameter ( ) and Number volume 
mean ( ) are shown. 

 

 

Figure D.2: FBRM chord length versus time data of a flocculation experiment of an 8% by mass kaolinite 
suspension at pH 8.5 with A-C-A (100g/tonne of Magnafloc® LT27AG +HyChem Hyperfloc CD650) is 
added as 0.1% by mass solution over 40 seconds, and left to flocculate for 1000 seconds. Sauter mean 
diameter ( ) and Number volume mean ( ) are shown. 
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Dual-polymer flocculation conditions tested: 

Condition 1: 

1) 5cm diameter impeller placed 6cm from base 

2) Stirred at 350RPM 

3) 100g/tonne Magnafloc® LT27AG dispensed as 0.1% by mass solution over 50 seconds 

4) Stirred for 10 seconds after polymer addition 

5) 100g/tonne HyChem Hyperfloc CD650 dispensed as 0.1% by mass solution over 50 seconds 

6) Stirred for 20 seconds after polymer addition 

Observations: Too much cationic polymer was added. Settled beds were volumous and the flocs 

adhered to the wall of the glass and thus were difficult to collect. 

Condition 2:  

1) 5cm diameter impeller placed 6cm from base 

2) Stirred at 350RPM 

3) 100g/tonne Magnafloc® LT27AG dispensed as 0.1% by mass solution over 50 seconds 

4) Stirred for 10 seconds after polymer addition 

5) 60g/tonne HyChem Hyperfloc CD650 dispensed as 0.1% by mass solution over 30 seconds 

6) Stirred for 20 seconds after polymer addition 

Observations: Too little cationic polymer was added. Settled bed properties were very similar to those 

from anionic acrylamide flocculated suspensions (volume, yield stress, appearance) and water was not 

as clear as condition 1. 

 



 

150 
 

Condition 3: 

1) 5cm diameter impeller placed 6cm from base 

2) Stirred at 350RPM 

3) 100g/tonne Magnafloc® LT27AG dispensed as 0.1% by mass solution over 50 seconds 

4) Stirred for 10 seconds after polymer addition 

5) 80g/tonne HyChem Hyperfloc CD650 dispensed as 0.1% by mass solution over 50 seconds 

6) Stirred for 20 seconds after polymer addition 

Observations: Too much cationic polymer was added. Flocs adhered to the wall of the glass and thus 

were difficult to collect. Cationic  should be added first, adding cationic after anionic acrylamides results 

in flocs which adhere to wall of glass and are difficult to collect for dewatering. 

Condition 4: 

1) 5cm diameter impeller placed 6cm from base 

2) Stirred at 350RPM 

3) 65g/tonne Magnafloc® LT27AG dispensed as 0.1% by mass solution over 30 seconds 

4) Stirred for 10 seconds after polymer addition 

5) 100g/tonne HyChem Hyperfloc CD650 dispensed as 0.1% by mass solution over 50 seconds 

6) Stirred for 10 seconds after polymer addition 

7) 35g/tonne Magnafloc® LT27AG dispensed as 0.1% by mass solution over 20 seconds 

8) Stirred for 20 seconds after polymer addition 

Observations: Flocs adhere to glass. Good supernatant clarity. Large fast-settling flocs 
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Condition 5: 

1) 5cm diameter impeller placed 6cm from base 

2) Stirred at 350RPM 

3) 65g/tonne Magnafloc® LT27AG dispensed as 0.1% by mass solution over 30 seconds 

4) Stirred for 10 seconds after polymer addition 

5) 85g/tonne HyChem Hyperfloc CD650 dispensed as 0.1% by mass solution over 50 seconds 

6) Stirred for 10 seconds after polymer addition 

7) 35g/tonne Magnafloc® LT27AG dispensed as 0.1% by mass solution over 20 seconds 

8) Stirred for 10 seconds after polymer addition 

Observations: Flocs are easy to collect and don’t adhere to glass. Good supernatant clarity. Large fast-

settling flocs 

 

 

 

 

 

 


