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ABSTRACT 

 

Oil sands mining operations in northern Alberta, Canada generates an ever growing 

volume of fine tailings that are disposed off hydraulically in the tailings ponds. The 

caustic extraction process results in dispersed tailings that do not dewater under 

conventional gravity settling. Centrifugation along with polymer addition has recently 

demonstrated promising results for these tailings at the pilot-scale level. The complex 

colloid-water-polymer interactions govern the dewatering behaviour of the tailings during 

this process. The main objective of this research was to characterize and improve the 

dewatering properties of oil sands fine tailings using centrifuge technology in conjunction 

with polymer amendment. MFT was found to be a fine grained material with clay size 

fraction of 53% and possessing a moderate water adsorption capacity (wl = 55% and wp = 

25%). The solids comprised of 55% quartz and 40% clay minerals (kaolinite and illite) 

and showed a specific surface area of 43 m
2
/g and a cation exchange capacity of 29 

cmol(+)/kg. Likewise, the pore water was dominated by Na
+
 (776 mg/L) and HCO3

-
 (679 

mg/L), related to the extraction process and by Cl
-
 (518 mg/L) and SO4

2- 
(377 mg/L), 

related to ore geology. A basic pH (8.15), a high EC (3280 µS/cm), and a high ZP (-46 

mV) indicated a dispersed MFT microstructure. Centrifugation improved MFT 

dewatering through the physical mechanisms of particle segregation, assemblage 

formation, and flow channeling. For the investigated g-factor of up to 2550 g, the 

released water increased by 4.7%, the entrapped water decreased by 30% and the 

sediment solids content increased by 7%. The corresponding decrease in pH was from 

8.15 to 7.2, EC from 3295 µS/cm to 2530 µS/cm, and ZP from -40 mV to -28.7 mV. 
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These data confirmed aggregate formation and an effective capture of clay particles 

mainly in the intermediate suspension zone. Centrifugation along with polymer 

amendment was found to improve MFT dewatering up to 630 g (because of assemblage 

formation due to increased particle collisions and polymer adsorption) beyond which 

dewatering declined (owing to floc breakage due to excess centrifugation and surface 

saturation). For 10 mg/L polymer, the released water increased by 17%, the entrapped 

water decreased by 58% and the sediment solids content increased by 13%. The 

corresponding values at 20 mg/L were found to be 34%, 82%, and 18%, respectively. The 

physicochemical parameters were found to correlate well with tailings dewatering. The 

decrease in pH, EC, and ZP up to 630 g is due to water dilution, charge neutralization, 

and shear plane displacement, beyond which opposite phenomena occurred. At the 

optimum and 10 mg/L polymer, the pH value decreased to 7.5, EC decreased to 2615 

µs/cm, and ZP decreased to -26 mV. The corresponding values at 20 mg/L were found to 

be 7.5, 2234 µs/cm, and -21 mV, respectively.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 General 

This chapter introduces the problem statement for undertaking this subject area as a 

research study followed by the research objectives. Finally, it gives the outline of the 

thesis. 

1.2 Problem statement 

The minerals industry is the world’s largest producer of waste. Western Canada, covering 

142, 200 square kilometers, is one of the largest global sources of oil and is currently 

supplying more than a million barrels a day from oil sands sources. The oil sand deposits 

in Western Canada, mainly in northern Alberta, contain a proven reserve of an estimated 

170 x 10
9
 barrels of unconventional crude oil that exists in the form of bitumen. The 

extraction method of bitumen from sands, clays and water that make up the oil sands is 

dependent on the oil sands geology. Currently, about 55% of bitumen (827 thousand 

barrels per day) is produced from surface mining operations that are required to go 

through the Clark hot water extraction process (Birn et al., 2010). The extraction process 

includes mixing the oil sands with warm water and some separating agents (NaOH) so 

that the mixture gets dispersed and the bitumen can be separated from the sands and 

clays. The leftover water, clay, sand and residual bitumen from the bitumen extraction 

process generates tailings that comprise 10% to 30% fines along with residual bitumen 

and about three times more water than the produced oil (Xu et al., 2008). This sludge is 

hydraulically discharged into on-site containment facilities where the fines segregate 
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from the sand and flow into the tailings ponds. As the solids settle, the suspension 

becomes denser and the particles interfere with each other. Finally, when the fine tailings 

have a fines content of about 90% and settle to a solids content of 30% within a couple of 

years after deposition, repulsive forces between clay particles prevent further 

densification. The deposit at that stage is known as ‘Mature Fine Tailings’ or MFT 

(Devenny, 2010). The clay-bitumen-water system of MFT results in up to 100 times 

slower settling compared to the bitumen-free tailings (Scott et al., 1985). Clearly, the 

marginal dewatering properties of MFT are governed by complex physicochemical 

interactions at the solid-liquid phase boundaries. 

Tailings storage facilities allow storage of tailings for a long period of time and 

delay the reclamation process until the end of mining. Since the extraction process 

generates low dense tailings material at the discharge point of storage facilities, the 

growing volume of tailings with slow settling rates poses serious environmental concerns 

with respect to the storage capacity and water recycling in the containment facilities. 

Furthermore, it is also associated with the increase in relative cost during the reclamation 

of the increased MFT. Currently, over 840 million cubic meters of mature fine tailings 

have been accumulated in the tailings containment facilities covering an estimated area of 

170 km
2
. The accumulation is expected to double within the next 20 years if further 

treatment of changing the geotechnical material properties of MFT is not implemented 

(Birn et al., 2010). To reduce the environmental footprint and to minimize the 

environmental concerns associated with the reclamation of the containment facilities, 

tailings need to go through an efficient dewatering treatment technology that can change 

the geotechnical material properties at the discharge point. 
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Significant efforts have been made so far both at the research and the production 

level to improve the geotechnical properties of MFT and to increase the dewatering rate 

and amount. However, the complex clay-bitumen-water system of MFT was found to 

preclude the success of dewatering treatment technologies albeit promising results in the 

laboratory. Of many methods, the combination of both physical and chemical treatments 

is theoretically better to accelerate dewatering. Centrifuge has recently demonstrated 

promising results at the pilot-scale level (Mikula et al., 2008). The method can potentially 

improve tailings dewatering by applying acceleration several times that of gravity. This 

process works best when the physicochemical properties of the tailings are altered 

through the addition of synthetic reagents. Xu and Cymerman (1999) concluded that 

polyacrylamides with 20% to 30% anionic charge are most suitable for oil sands tailings. 

Sworska et al. (2000), Xu et al (2008) and Wang et al. (2010) reported that anionic 

polymers release part of the oil sand tailings water by forming multi-particle 

assemblages. Several research studies have used various combinations of anionic polymer 

properties (charge density, molecular weight and dosage), as summarized by Tripathy et 

al. (2006). Most of these undertakings were application-focussed and, as such, empirical 

in nature. Given the predominance of physicochemical interactions, there is a need to 

develop a fundamental understanding of centrifuge dewatering of MFT.  

1.3 Research objectives 

The main objective of this research was to characterize and improve the dewatering 

properties of oil sands fine tailings using centrifuge technology. The specific objectives 

were as follows: 
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• To determine the geotechnical index properties of as received MFT for the 

classification of the material and for subsequent analysis. 

• To determine the solids mineralogy and pore water chemistry of MFT for 

understanding the physicochemical interactions with dewatering. 

• To determine the dewatering properties of as received and polymer modified MFT 

by using bench scale centrifuge. 

1.4 Thesis outline 

Chapter 1 presents an introduction to the research topic and establishes the need and 

research objectives of this work. This chapter is followed by Chapter 2 that presents the 

literature review, in particular, describes the oil sands tailings background and the 

extraction and disposal process. Next, the dewatering technologies that affect the 

flocculation and dispersion behaviour of these fine tailings are discussed. Chapter 3 

presents the methodology of the laboratory investigation program. Chapter 4 presents the 

laboratory test results, and then these are analyzed and discussed in conjunction with the 

development of conceptual models. Chapter 5 summarizes the conclusions drawn from 

this research. This is followed by a list of references and an appendix.      
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 General 

The literature review begins with the geological background and extraction and 

deposition method of oil sand tailings followed by the details of mature fine tailings that 

include its geotechnical properties and its management in terms of investigating 

dewatering technologies. Different technologies to enhance the dewatering rate and 

amount for this MFT are discussed and centrifuge technology along with polymer 

addition is finally chosen. Next, colloid- electrolyte interactions as well as colloid- 

electrolyte-polymer interactions are reviewed and flocculation and dispersion behavior 

are tried to understand in light of double layer theory concepts. Finally, the concept of 

centrifuge and polymer in MFT slurries are modified and based on that, a research 

hypothesis is presented.     

2.2 Oil sands tailings 

2.2.1 Geological background 

The oil sands deposit in northern Alberta is a rich source of petroleum. The vast majority 

of the recoverable resources are located mainly in three regions of northern Alberta:  

Athabasca, Cold Lake and Peace River. Figure 2.1 shows the oil sands resources location 

in Alberta. Amongst the three deposits, the Athabasca oil sand deposit is the largest and 

only one that is shallow enough to allow for surface mining. Currently, mining is only 

feasible in about 3.4% of the total 142,200 km
2
 of oil sands area (Birn et al., 2010). 
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Figure 2.1: Oil sands deposit location (Source: Alberta’s Oil Sands website)  
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 The heavy oil that forms the Athabasca oil sands deposit is basically contained 

within the lower Cretaceous McMurray formation. The deposit consists primarily of 

sandstone that was deposited approximately 100 million years ago. McMurray formation 

is a three fold flat-lying unit overlain by marine shales and siltstones of the clear water 

formation (Mclaws, 1980). It is believed that the deathbodies of tiny marine creatures into 

the bottom of the sea of southern Alberta was squished into ooze through pressure, heat 

and time and formed petroleum.  In northern Alberta, many rivers flowed away from the 

sea and deposited sand and sediment.  The formation of the Rocky Mountains put 

pressure on the land, and the oil, being a liquid, was squeezed northward and seeped into 

the sand, resulting in the formation of the Athabasca oil sands (Erdogan, 2011).  

The oil rich sands that comprise quartzose sands and associated finer grained 

lithologies are found generally in the lower and middle units of the three-fold McMurray 

formation (Mclaws, 1980). The very fine sands and silts in the upper unit contain a 

greater percentage of clay-sized material, but these fines do not have a significant 

contribution to the total amount of fines in tailings stream. These fines are attributed to 

the interbedded clay shale that is broken up by the mining and extraction process (Scott et 

al., 2004). For the Athabasca oil sand deposit, the bitumen content  (crude oil) ranges 

from 0% to 19 % by total mass with an average of 12%, water ranges from approximately 

3% to 6% by total mass, mineral content predominantly quartz, sand, silts and clay varies 

approximately from 84% to 86% by total mass (BGC Engineering Inc, 2010).     

2.2.2 Bitumen extraction method 

The extraction method of bitumen depends on the ore geology of oil sands. For oil sands 

near the surface (Athabasca deposit), extraction is accomplished by surface mining (about 
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20% or 34.2 billion barrels of oil on current production) while the remaining (about 80% 

or 135.6 billion barrels of oil) oil sands resources require in-situ production technique 

(Birn et al., 2010).  

Figure 2.2 shows the bitumen extraction and tailings disposal process using 

surface mining techniques. In surface mining, oil sands are mined using the hydraulic 

power shovels and dumped into the 400 ton heavy hauler trucks. The trucks transport the 

oil sands to a crusher unit where the ore is crushed and mixed with hot water for 

transportation via pipeline to the extraction plant or separation vessel. The bitumen that 

typically coats the solid particles is extracted at the extraction point through the Clark hot 

water extraction process using NaOH, hot water and steam. NaOH is used to maintain the 

pH of the slurry between 8.0 to 8.5 in order to separate the bitumen and hot water is used 

to enhance the separation of the sand particles and the flotation of bitumen. The solid 

particles are broken down and get dispersed in the process water by the combined action 

of chemical additives, water and mechanical energy. These are separated into three 

distinct layers: bitumen froth, sand tailings and fine tailings (composed of fine sands, 

clays and silt). A thin layer of bitumen froth floats on the surface of the separation vessel 

and is skimmed off. Mining extraction is capable of recovering more than 90% of the 

bitumen from the oil sands. Diluted bitumen is sent to an upgrading unit while the sand 

settles to the bottom and is removed as sand tailings stream. The left over fine sands, 

clay, water and residual bitumen termed as fine tailings slurries are pumped into large 

containment ponds while the water is recycled back into the extraction plant for re-use 

(Birn et al., 2010; Jeeravipoolvarn, 2010).  
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Figure 2.2: Schematic diagram of oil sands mining and disposal process 
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One barrel of bitumen production needs approximately 12 to 14 barrels of water. 

Although most of the water used for separation processes is recycled and reused in the 

extraction processes, around 3 to 4 barrels of water gets trapped in the tailings and 

becomes unavailable for re-use. Therefore, it can be said that mining operation requires 

importing 3 to 4 barrels of fresh water per barrel of bitumen produced (Birn et al., 2010).  

 For oil sands resources that are too deep for surface mining operations go through 

the in-situ recovery method. This method requires drilling into the oil sands deep 

underground and injecting a steam flow into it in order to heat the bitumen. The steam 

flow improves the mobility of the bitumen and allows it to flow so that it can be 

recovered through wells (Birn et al., 2010).      

2.2.3 Tailings disposal method 

Tailings slurry from the extraction process is composed of 10% to 30% fines along with 

residual bitumen and about three times more water than the produced oil (Xu et al., 

2008). This sludge is hydraulically discharged into on-site containment facilities where 

the fines segregate from the sand and flow into the tailings ponds at around 90% fines 

and approximately 5% - 8% solids content. The sand and silts (coarse-grained fraction 

having 3% - 8% fines and 75% solids content) are either used for constructing the dams, 

or are over-boarded to form the beaches. When the fines stream slows down, the particles 

start to settle to the bottom of the pond leaving a supernatant layer on the top of 2 m to 3 

m in depth, a transition zone of water and suspended particles (fluid fine tailings) of 1 to 

2 m thickness just under the clear water and the layer of mature fine tailings (MFT) zone 

composed of silts, clays, fine sands, bitumen and water extended to 40m depth in some 

parts of the impoundment (Jeeravipoolvarn, 2010). The mature fine tailings can take 
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couple of years in the pond to settle out at 30% solids content, beyond which further 

settlement cannot take place, and thus, result in a huge amount of entrapped water in the 

pond. The water on the top gets released and reused in the bitumen extraction plant (Birn 

et al., 2010).  

The solids content increases with the depth in tailings pond since the coarser 

particles settle at the bottom and the self weight consolidation is greatest at the bottom 

due to the higher effective stress (Jeeravipoolvarn, 2010). Overall, the zero discharge 

policy for the mining operations allows the fluid fine tailings to accumulate in the 

containment over the years that result in a tailings management challenge for the industry 

(Birn et al., 2010).     

2.3 Mature fine tailings 

2.3.1 General 

Mature fine tailings is the fluid fine tailings that has a fines content of about 90% - 100% 

and settles to a solid content of 30% within a couple of years after deposition in the pond. 

Additional dewatering of these mature fine tailings (MFT) is difficult and time 

consuming primarily due to the following reasons (Tang, 1997): (i) cardhouse 

microstructure with large pore spaces entrapping bulk of the process water; (ii) tortuous 

drainage patterns resulting in a low hydraulic conductivity at high void ratio. The clay-

bitumen-water system of MFT results in up to 100 times slower settling compared to 

bitumen-free tailings (Scott et al., 1985). 

Over the years, approximately 840 million m
3 

of mature fine tailings have been 

accumulated in large contaminant ponds that are causing great economical and 

environmental concerns (Birn et al., 2010). Water management has become a major issue 
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for the oil sands industries in addition to managing large volumes of fluid fine tailings. 

Continuous recycle of tailings and process water allows increasing the dissolved ions 

within the recycle water and the elevated dissolved ions can cause the scaling of piping 

and equipment (Beier and Sego, 2008). Furthermore, tailings released water is associated 

with a number of environmental concerns that includes the expansion of large tailings 

ponds, the risk of unplanned release of contaminants and the negative impacts on the 

aquatic ecosystem from the removal of water from surface and groundwater (Birn et al., 

2010).     

Water is responsible for the continuous rise of the MFT tailings pond volumes. To 

reduce the volume of water stored and to produce a trafficable load bearing deposit for 

reclamation, it is essential to remove the entrapped water in the MFT. MFT storage, 

therefore, requires dewatering technologies to solve the environmental, engineering and 

economical concerns.  

2.3.2 Dewatering technologies 

Previously, mining industries used to focus on temporary dyke construction for MFT 

storage until the end of mining operation and further reclamation. Later, a permanent 

storage of MFT at the end of mining below a water cap in an end-pit lake was also 

considered. However, a strong contrast to the goals set out by the ERCB to reduce and 

eventually eliminate long term storage of fine tailings in an external tailings disposal area 

and finally to ensure the tailings management through reclamation made them investigate 

more on developing new dewatering technologies (Houlihan et al., 2008). Furthermore, 

the potential seepage from the tailings pond into the local ecosystem raised another 

environmental concern (Birn et al., 2010).  
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A significant amount of research was carried out in the previous years to address 

these issues. Several dewatering technologies (natural, physical, chemical amendments 

and different types of co-disposal and co-mixing alternatives) have been developed in 

order to release the entrapped water in the pore spaces of the various accumulated tailings 

stream. Table 2.1 shows the key dewatering technologies of oil sands fine tailings that 

have been investigated so far. Most of these attained limited success because of one or 

more of the following reasons: high operational cost, skilled labour shortage, long time 

commitment, low energy efficiency, low bitumen extraction, inconsistency due to tailings 

variability, difficulty to remove supernatant liquid, detrimental effects on water quality, 

and low pumping efficiency (BGC Engineering Inc, 2010).  

Natural dewatering technologies were applied previously on a vast scale that 

primarily included self-weight consolidation. This process is time consuming as it takes a 

decade to attain further consolidation after 30% solids deposition. Furthermore, 

evaporation, accelerated dewatering and freeze-thaw treatment were evaluated at the pilot 

scale level by some of the mining companies (Fair, 2008). Among all the natural 

dewatering technologies, freeze thaw treatment showed promising results, but the 

management of pumping fluids in extreme cold weather has always been a great 

challenge (BGC Engineering Inc., 2010).   

Dewatering using physical or mechanical process includes centrifuges, filtration, 

thermal drying, blast densification, electrical dewatering etc. These processes are 

associated with cost effectiveness and skilled labour to correctly operate the heavy 

equipments. Centrifuge and wick drains combined with surcharge loading were found to 

have a good potential for the commercial use of dewatering.  
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Table 2.1: Key dewatering technologies for oil sands tailings 

Type             Tailings Dewatering Technology Source 

Permanent 

Storage 
Water Capped MFT 

Fair and Beier (2012); Gulley and 

MacKinnon (1993); MacKinnon 

and Boerger (1991) 

Natural 

Process 

MFT drying by Evaporation Suncor (2009) 

Rim ditching with polymer 

flocculant technology  

Fair and Beier (2012) and Suncor 

(2009) 

Freeze/ Thaw  

Beier, Alostaz and Sego (2009); 

Dawson, Sego and Pollock (1999); 

Proskin (1998);  

Plant dewatering Silva (1999)  

Thin lift drying with polymer 

flocculant technology  
Fair and Beier (2012) 

Physical 

Process 

Filtered whole tailings Xu, Dabros and Kan (2008) 

Cross flow filtration of whole 

tailings 

Zhang, Alostaz, Beier and Sego 

(2009) 

Centrifuge fine tailings with 

polymer flocculant technology 

Lahaie (2008); Mikula, Munoz and 

Omotoso (2008)  

Thermal drying MFT 
BCI Engineers and Scientists 

(2007) 

Electrical treatment 
Flintoff and Plitt (1976); Fourie 

(2009) 

Wick drains Wells and Caldwell (2009) 

Wick drains with surcharge 

loading 

Fair and Beier (2012) and Suncor 

(2009) 

Consolidated tailings beneath 

MFT deposition 
Luo (2004) 

Chemical 

Amendment 

Thickened process 
Fair and Beier (2012); Devenny 

(2010) 

In-line thickened tailings 

technology 
Jeeravipoolvarn (2010) 

In-situ biological treatment Guo(2009) 

Consolidated tailings (CT) 

Fair and Beier (2012); Suncor 

(2009); Caughill, Morgenstern and 

Scott (1993)  
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Tailings Dewatering Technology Source 

Chemical 

Amendment 
Polymer flocculant technology 

Demoz et al. (2010); Wang et al. 

(2008); Li et al. (2008); Sworska et 

al. (2000) ;Xiao et al. (1999) 

Co-disposal 

Mixing MFT with clearwater 

overburden    
Dusseault, Scott and Ash (1988) 

Mixing MFT with peat moss Li and Fung (1998) 

Mixing MFT with coke 
Fair and Beier (2012) and Suncor 

(2009) 

Mixing thickened tailings with 

sand 
Jeeravipoolvarn (2010) 
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Of many methods, centrifuge test has recently demonstrated promising results at the 

pilot-scale level where MFT was treated in a thickener (to achieve 35% solids content) 

with high flocculant (1300 mg/L) dosage before centrifugation to a solids content of 65% 

(Lahaie et al., 2009 and Mikula et al., 2008). The method can potentially improve tailings 

dewatering by applying acceleration several times that of gravity. This process works best 

when the physicochemical properties of the tailings are altered through the addition of 

synthetic reagents.  

Chemical amendments were proved quite successful in terms of dewatering, and 

can be combined with other dewatering technologies too. For example, the rate of settling 

during mechanical dewatering or centrifuge dewatering can be enhanced with the 

addition of coagulant or flocculants. Sworska et al. (2000), Li et al. (2008), Wang et al. 

(2010) and many other researchers investigated the effect of anionic polymers on the 

flocculation behaviour of MFT, mostly with diluted slurries. In these cases, impellers, 

magnetic stirrers or centrifuges at a moderate speed were used as a liquid solid separation 

medium. Alamgir et al. (2010) reported that MFT was required to dilute to a solids 

content of 10% before polymer application (75 mg/L), followed by a gravitational settling 

of an hour to achieve a solids content of 59%. This showed much promising results at the 

research level, but had not been accepted widely in field due to its operational 

practicability, cost effectiveness and water quality (BGC Engineering Inc., 2010).  

Many researchers tried to combine MFT with other overburden and reclamation 

material in order to form non-segregating mixtures for faster settlement. Among all the 

co- disposal and co-mixing alternatives, solidifying MFT using consolidated tailings (CT) 

was widely accepted in the field. The use of consolidated tailings (CT) (a mixture of 
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mature fine tailings with the coarse sand and gypsum) helps to produce non segregating 

slurry that can settle and consolidate quickly (Devenny, 2010). The main concerns 

associated with CT include: the requirement of large containment until its solidification 

and the negative impact on bitumen extraction due to the usage of high dosage of gypsum 

that results in the buildup of calcium and sulfate ions in the recycled water (BGC 

Engineering Inc., 2010).  

Overall, the lack of technical or economical feasibility in the existing tailings 

technologies has led to the conclusion that the combination of different dewatering 

methods should work well for all tailings (BGC Engineering Inc., 2010)  

2.3.3 Design considerations 

The main purpose for the dewatering technologies development is to recover water so 

that a trafficable load bearing deposit for reclamation can be attained and the requirement 

of large containment for resulting deposit can be precluded. According to the ERCB 

Directive 074 published in 2009, the increased percentage of the solids content per year 

needs to be reported by all the mining companies. The undrained shear strength criteria 

were specified for a minimum of 5 kPa in the first year and a minimum of 10 kPa within 

next five years (Devenny, 2010). Therefore, the dewatering efficiency to reduce the ever-

growing MFT volume is the main concern for the considerations of dewatering methods.   

The other considerations for selecting the method of dewatering should include: 

tailings feasibility, optimization of water content for a trafficable load bearing formation, 

winter operation, time effective reclamation, practicability on a large scale, affordability 

and robustness (whether or not it can work out with the variability in tailings consistency) 

(BGC Engineering Inc., 2010). 
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From the geotechnical point of view, a convenient tool for designing the 

dewatering treatment is governed by the segregating or non-segregating nature of the 

tailings. Non- segregating tailings are related to the low settling rate with an increase in 

fines content in the tailings, obtaining an environmentally efficient released water 

chemistry and high energy requirement for pumping of high solids content tailings after 

being treated (Azam and Scott, 2005).  To address these issues, a ternary diagram was 

developed by Scott and Cymerman (1984) that provides the boundaries between different 

types of engineering behaviour along with the change in solids content and fines content.  

Figure 2.3 shows the ternary diagram of oil sands tailings. Some of the key 

features of this diagram include the segregating-nonsegregating boundary that signifies 

the preferential settling of the solid particles and pumpable-non pumpable boundary that 

signifies the rheological characteristics of the material. Based on these, a dewatering 

improvement technology can be selected and further used for management purposes. This 

diagram is helpful to develop a physicochemical understanding of oil sands fine tailings 

since the physicochemical interactions between the solids and liquid can be represented 

by high water and fines content in this diagram. The fines water ratio lines represent the 

lines of constant tailings behaviour in the fines matrix part of the diagram whereas 

parallel lines to the matrix boundary represent the lines of constant soil behaviour in the 

sands matrix. This indicates that the materials can be characterized from geotechnical 

perspective using the physicochemical understanding (Azam and Scott, 2005).      

Figure 2.3 shows the fine tailings slurry from the extraction process (having fines 

of 10% to 40%) that segregates into fines and sands.  
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The sands contain 3% - 8% fines and form beach tailings at a solids content of 75% while 

the fines flow to the tailings pond. Owing to their low settling rate, these fine tailings 

reach to a solids content ranging from 20% to 40% (as shown in Figure 2.3). For 

dewatering efficiency, the solids content from the preferred treatment technology requires 

to lie within the nonsegregating and pumpable zones and to reduce the fines dispersion so 

that a trafficable load bearing deposit can be pumped out to final location.  

2.4 Colloid - electrolyte interactions 

2.4.1 Double layer theory 

MFT is generally composed of fine clay particles. These clay particles exhibit highly 

negative electric charges in aqueous solution at neutral to high pH (kaminsky, 2008). Due 

to the charge variations at the interface of electrolyte and clay particles, an electrical 

double layer (consisting of stern and diffuse layer) is created that influences the 

behaviour of slurries (Sposito, 1984). The stern layer is composed of counter ions (ions 

with opposite charges of the colloid) that are firmly attached to the colloid. In the diffuse 

layer, the concentration of the counter ions gradually decreases and that of the coions 

(ions with similar charges of the colloid) steadily increases until a charge equilibrium 

with the liquid is attained. The thickness of these two layers is known as the double layer 

thickness.   

Flocculation of colloids is dependent on the thickness of the double layer. The 

thinner the electrical double layer, the stronger is the tendency for flocculation of 

particles (Mitchell and Soga, 2005). Charge neutralization results in double layer 

compression and thus formation of flocs due to an increase in ionic strength of solution. 
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This can be illustrated from the Gouy- Chapman model of the electric double layer, the 

equation of which is as follows (Mitchell and Soga, 2005): 

  �
� = � ε�  � � 	 


 ����ν �
�

                         [2.1] 

where, 1/k is the double layer thickness, εo is the permittivity of vacuum (8.8542 x 10
–12

 

C
2
 J

-1
 m

-1
), k is the Boltzmann constant (1.38 x 10

–23
 J 

o
K

-1
), D is the dielectric constant 

of the medium, T is the Temperature (
o
K), eo is the electronic charge (1.602 x 10

–19
 C), no 

is the ion concentration, and ν is the ionic valence.  

The above equation states that the thickness of the double layer varies as follows: 

(i) inversely with the ionic valence and (ii) inversely with the square root of the ion 

concentration. The higher concentration or the higher valence of oppositely charged ion 

tends to neutralize surface particle charges by attracting each other (this phenomenon is 

known as charge neutralization), which results in double layer compression, and, hence, 

flocculation (Mitchell and Soga, 2005).  

2.4.2 Dispersion and flocculation 

Charged colloids in a solution are separated from one another primarily by the following 

forces: electrostatic repulsive force between colloids of the same charge and van der 

Waals attractive force between oppositely charged colloids. Both the electrostatic and van 

der Waals forces are equal in magnitude and the balance of these forces induces the 

dispersion or flocculation of particles (Agarwal, 2002). If the amount of attractive force is 

less than that of the repulsive force, the net force will act as repulsion and the particles 

will be dispersed from each other. Conversely, flocculated structure will be formed if the 

net force between the particles acts as attraction. The double layer compression allows 

van der Walls attraction force to dominate over electrostatic repulsion force that causes 
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flocculation (Mitchell and Soga, 2005). In order to flocculate the particles, the particles 

on collision must need to provide sufficient kinetic energy to overcome the potential 

energy barrier.  

Figure 2.4 shows repulsive potential (UR) and attractive potential (UA) in terms of 

distance between particle surfaces. The change in repulsive force depends on the changes 

in cation valence, dielectric constant, electrolyte concentration and pH, whereas the 

attractive force depends only to the changes in dielectric constant. The van der Waals 

attractive and repulsive forces act over a definite distance and reduce to almost zero at a 

distance away from the colloidal surface. Repulsive force is maximum at an infinitesimal 

distance away from the surface where repulsive potential dominates the van der Waals 

attraction. The rate of flocculation depends on the frequency of collision between the 

colloids due to Brownian motion. The attraction and repulsion forces between the 

colloidal particles vary at different rate with separation distance (Figure 2.4). If the 

repulsive force is greater than 10 uT (u is Boltzmann constant), the collisions between 

two colloids developed by Brownian motion is not sufficient enough to overcome the 

barrier in order to flocculate the particles, and therefore, dispersion occurs. Likewise, if 

the repulsive energy barrier does not exist, particles in suspension can easily come close 

to each other, resulting in flocculation (Overbeek, 1977).  

Since the repulsive potential is strongly influenced by the concentration and 

valence of counter ions, an increase in the concentration or valence of the counter ions 

can reduce the value of electrical potential and double layer thickness as explained in the 

double layer theory.  
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Figure 2.4: Schematic of repulsive and attractive potential as a function of distance 

between particle surfaces (after Mitchell and Soga 2005) 
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2.4.3 Zeta potential 

When a charged colloid is added into a solution, the colloid and the surrounding ions in 

the solution develop an electrical potential across the double layer due to the charge 

variations at the interface of the electrolyte and the colloid. The value of this potential is 

highest at the colloidal surface and progressively approaches to zero at a distance away 

from the surface until a charge equilibrium is attained. Within the double layer, a 

boundary of slipping plane or shear plane develops, inside which, the ions and the colloid 

form a stable entity such that the ions within this boundary move with the movement of 

colloidal particle. The potential at this shear plane is known as zeta potential (ZP) through 

which surface charge can be approximated (Mitchell and Soga, 2005). The potential 

difference and the surface charge of the particles occur due to the ionization of surface 

groups, adsorption of surface active materials, permanent charge associated with crystal 

structure or the combination of these mechanisms (Cirak, 2010).  

 Clay particles are negatively charged and the net negative charge is the primary 

factor in controlling clay dispersion. A reduction in the net negative charges allows the 

particles to overcome the electrostatic repulsion and come close to each other resulting in 

flocculation. Since a reduction in surface charge can be approximated through the 

reduction in ZP, a reduction in ZP value indicates the aggregation of clay particles. 

(Chorom and Rengasamy, 1995). A fully flocculated structure occurs at zero ZP when the 

surface charge is fully neutralized or balanced out by the counter ions (Goel, 2006). 

The net charge on the clay particles can change by changing the pH, ionic strength 

and cation type (Chorom and Rengasamy, 1995). Therefore, zeta potential can be affected 

by any of the above mentioned reasons or the combination of them. In aqueous medium, 
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surface hydroxyl groups of clay particles react with either H
+
 or OH

-
 at low and high pH 

respectively, creating either a positive or a negative surface charge (Moayedi et al., 

2011). An increase in pH results in an increase of the negative charges of the clay 

particles due to the deprotonation of surface hydroxyl groups. Similarly, a decrease in pH 

results in a decrease of the negative charges of the clay particles due to H
+
 adsorption or 

the protonation of H
+
 ions. The tendency for the hydroxyls to dissociate in water is 

strongly influenced by the pH (Prasanphan and Nuntiya, 2006). Since all charges in 

humus are strongly pH dependent, the presence of organic coating (bitumen) is more 

sensitive to changes in pH than the typical sedimentary soils (Moayedi et al., 2011). 

Similarly, an increase in the ionic strength or the increase in polyvalent cations neutralize 

the negative charges due to H
+
 adsorption, thereby, facilitating particle flocculation 

(Chorom and Rengasamy, 1995). Overall, flocculation of the particles is dependent on the 

physicochemical properties and the changes in physicochemical properties are very 

important for understanding the physicochemical interactions during collision of 

particles. 

2.5 Colloid – electrolyte - polymer interactions 

2.5.1 Effect of polymers on dispersion and flocculation 

According to DLVO theory, the colloids on collision must provide sufficient kinetic energy to 

overcome the repulsive energy barrier in order to coalesce, otherwise they would remain a stable 

suspension or dispersed structure. The energy barrier can be eliminated in two ways: charge 

neutralization known as charge patching and adsorption of flocculant onto the particle 

surface known as bridging mechanism (Tripathy et al., 2006).  
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When a polymer solution is added to a suspension, several processes might take 

place that include: transportation of polymer to the solid-liquid interface followed by 

adsorption of the polymer on the solid surface, rearrangement of adsorbed chains on the 

solid surface and collision between the coated particles (Agarwal, 2002). The positively 

charged polymers are strongly adsorbed through electrostatic attractions between the 

cationic groups of polymer and the negatively charged sites at the clay surface that result 

in collision of particles. The collision between the particles and the strong adsorption of 

cationic polymers on them neutralize the surface charge and allow flocculation to occur. 

Each charged site on the particle surface cannot be neutralized individually by an 

oppositely charged polymer, instead polymer chains adsorb on to the particles in a 

‘patchwise’ manner surrounded by areas of opposite charges so that a strong attraction 

among them can result in charge neutralization and hence double layer compression 

(Tripathy et al., 2006).  

On the other hand, bridging is associated with high molecular weight long chain 

anionic polymers, where the loops and tails form chains between the particles to such an 

extent over which inter-particle repulsion prevails. The higher molecular weight polymer 

adsorb in configurations with loops of greater length extending from particle surface, 

increasing collision rate and flocculation. Bridging flocculation occurs due to the 

adsorption of polymer chains onto clay particles via hydrogen bonding. Since the anionic 

polymer is negatively charged, the mutual charge repulsion between the polymer and 

negatively charged clay particles helps to promote extension of polymer chains and 

changing the conformation of polymer that increases the collision probability. Bridging 

of particles through the adsorption of polymer molecules on different particle surfaces 
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allows building a network of the polymer molecules and the clay particles, and, thus, 

results in flocculation. However, an increase in ionic strength can cause the polymer to 

coil up that might result in weakening the bridging bonds. Furthermore, the bridging of 

particles can also be destroyed due to the high shear rates or the adsorption of loops and 

tails of the polymer on the same clay particles, thus, making the particle surface 

completely saturated and re-dispersed (Tripathy et al., 2006).   

For effective polymer bridging and optimum flocculation to occur, the surfaces of 

the MFT particles need to be partially covered with polymer. Extreme low dosage results 

in dispersion because of the insufficient polymer to form adequate bridging links between 

particles. At overdose, excess polymer blocks new charged sites for further flocculation 

due to steric stabilization (the stabilization of colloidal particles due to coverage of 

polymers surrounding particles preventing them to get close in the range of attractive 

forces) (Tripathy et al., 2006). Besides the molecular weight, charge density and polymer 

dosage; the polymer efficiency predominantly depends on the ionic strength, pH and the 

presence of counter ions, particularly in bridging mechanism (Theng, 1982). All of these 

factors can affect the dispersion and flocculation behaviour of particles. 

2.5.2 Effect of polymers on zeta potential 

Polymers can affect the zeta potential by means of charge neutralization and shear plane 

displacement. The adsorption of polymer is dependent on pH, ionic strength and the 

presence of polyvalent cations. The adsorption is promoted under acidic pH or at high 

ionic strength where the negative charges become neutralized due to H
+
 adsorption or by 

the presence of polyvalent cations that act as bridges between the polymer and negatively 
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charged clay particles (Theng, 1982). Therefore, zeta potential can be affected by any of 

the above mentioned reasons or the combination of them. 

The reduction in ZP by cationic polymer occurs entirely due to charge 

neutralization since cationic polymer is strongly adsorbed on the negatively charged 

particles through its positive charges. The reduction in ZP by the nonionic polymer 

occurs entirely due to the adsorption of polymer layer chains on the clay surface by 

displacing the plane of shear from the particle surface. The cationic groups present in 

negatively charged polymers are responsible for small charge neutralization. The 

thickness of the adsorbed polymer layer increases with the increase in polymer dosage 

and changes the double layer properties and produces a hydrodynamic effect as the ions 

in the diffuse double layer might be displaced from the stern layer (Mpofu et al., 2003). 

Shear plane displacement is one of the key effect of adsorbed polymer (in case of non-

ionic and anionic polymer) on double layer thickness that can decrease the zeta potential 

by gradually increasing the distance of shear plane in addition to charge neutralization 

(Cirak, 2010).  

2.6 Centrifuge dewatering and polymer modification of slurries 

2.6.1 Basic concepts of centrifuge dewatering  

Based on the literature review given in this chapter, this section describes the expected 

dewatering behavior of MFT. The dewatering of tailings can be accelerated through the 

mechanical separation methods such as centrifuge. A large volume of slurries can be 

treated to a suitable consistency through centrifuge dewatering and transported to the 

final disposal site. The centrifugal force known as ‘g force’ is the basic motive force for 

centrifugation. The ratio of centrifugal force to gravity determines the efficiency of 
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centrifuge or greater removal of water. For greater efficiency of centrifuge, separation 

force must be augmented by the imposition of centrifugal forces many times of gravity 

alone (Records et al., 2001). 

The collision among the particles forms particles assemblages while being rotated 

in a centrifuge. In addition, unequal particle size distribution due to collision allows 

different particles to settle non-uniformly at different time. The preferential settling of 

coarser particles and particle assemblages with respect to fines results in flow channels 

and allows releasing part of the pore water from the particle assemblages (Nam et al., 

2008). 

The collision efficiency is one of the important parameters for centrifuge 

dewatering that is influenced by the physicochemical behaviour of the system.  

Therefore, this research undertakes the effect of centrifuge condition (mainly centrifugal 

acceleration and runtime) on dewatering of MFT and correlates them with the 

independently measured physicochemical properties of the released water.  

2.6.2 Basic concepts of polymer modification 

Three basic polymer characteristics influence colloid-polymer-electrolyte interactions 

that include polymer charge, molecular weight and dosage. After selecting the polymer, 

the efficiency depends on the solution properties that include pH, ionic strength and 

cation exchange capacity (Chorom and Rengasamy, 1995). Understanding the interaction 

between the negatively charged MFT particles and the polymer is important to optimize 

the flocculant performance.  

Several studies show that long chain anionic high molecular weight 

polyacrylamides (PAM) flocculants work effectively for improved dewatering, 
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particularly, in oil sands tailings (Nasser et al., 2006). High molecular weight polymer is 

found effective in flocculating negatively charged clay particles since it can extend 

further away from the particle surface after being adsorbed (Tripathy et al., 2006). The 

general formula of anionic PAM is (Green et al., 1999)- 

CH2 CH CH2 CH

C C

NH2 OH

O O

 

Since anionic PAM is negatively charged, the driving force for adsorption is 

hydrogen bonding between the amide (NH2) groups of polymer and the silanol and 

aluminol OH
-
 groups of the negative clay particle surface sites. On the contrary, the 

mutual charge repulsion between the COO
-
 group of polymers and the OH

-
 group of clay 

particles allows minimal polymer adsorption and facilitates the bridging of hydrogen 

bonding functional groups due to increased polymer length (Mpofu et al., 2003).  

Optimum flocculation occurs at optimum polymer dosage that can produce large 

flocs and are capable of withstanding moderate shear forces without rupturing (Mpofu et 

al., 2003). Low dosage results in dispersion while excess dosage allows the polymer to 

saturate the particles, and, thus, preventing the colliding particles for further attachment 

with the polymers (Agarwal, 2002).   

 When a polymer solution is added to a suspension that is being sheared or under 

an angular velocity, collision between the coated particles might result in the formation of 

flocs while too much shear or rotation can break up flocs and result in reducing 

dewaterability (Demoz et al., 2010). Therefore, the optimum centrifuge condition is also 

very important in addition to the optimum polymer dosage. Previously, a significant 
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research had been carried out on the dosage of anionic polymers in oil sands tailings to 

see the effect of flocculation on MFT; most of which attained limited success. This 

research undertakes the effects of polymer application on dewatering and the 

physicochemical properties of MFT slurries so that the geotechnical material properties 

can be changed and improved at the discharge point of the tailings pond.   

2.6.3 Research hypothesis 

This section presents a basis for a comprehensive laboratory investigation program. The 

whole laboratory investigation program that would be divided into four stages: 

geotechnical index properties, solids mineralogy, pore water chemistry and dewatering. 

Geotechnical index properties would be done to determine the index properties of base 

MFT. The solids mineralogy of MFT would be done on a bitumen free sample to 

investigate the characterization of MFT without being influenced by bitumen. The water 

chemistry would be done accordingly on as received MFT sample to investigate the pore 

water effect on MFT. Dewatering would be conducted on as received and polymer 

modified MFT sample using a bench scale centrifuge. Using centrifugal acceleration and 

runtime as parameters for centrifuge, total sixteen tests would be performed with as 

received MFT and another thirty two tests would be performed with polymer modified 

MFT taking two polymer dosages into consideration as a parameter. The research will 

focus on understanding the physicochemical interaction with the centrifuge dewatering 

through the laboratory test and statistical analysis. Overall, the output would be expected 

to provide the dewatering improvement of MFT sample due to centrifuge dewatering and 

polymer application from a fundamental point of view. 
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CHAPTER 3 

RESEARCH METHODOLOGY 

 

3.1 General 

This chapter illustrates the research methodology for the laboratory testing program of 

MFT. MFT was collected in a 20 L bucket by pumping from a depth of about 25 m at the 

centre of a containment facility at in northern Alberta and was transported to the 

Geotechnical Testing Laboratory at the University of Regina. Test samples were obtained 

from the mid-height of the bucket using a scoop sampler after thorough mixing with a 

mixer at 45 rpm for 6 min for ensuring homogeneity. 

For polymer modified MFT, an anionic polyacrylamide (Magnafloc 336) was 

used as flocculant that has 30% ionic charge and a nominal molecular weight in the range 

of 1.5 x 10
6
 g/mol to 2 x 10

6 
g/mol. The polymer solution was made by first making a 

stock solution by adding 0.5 g of dry powdered polymer to 100 mL distilled water under 

continuous stirring with a magnetic stirrer and then obtaining the 0.05% (w/w) test 

solution from it by adding 10 mL of the stock solution to 90 mL of distilled water. The 

stock solution was used within three days of preparation. Polymer modified samples were 

then prepared by mixing the required dosage from the test solution with the known 

volume of MFT sample. For the investigated MFT, 10 mg/L and 20 mg/L polymer 

dosages were selected. The concentrations of stock and test solutions were based on the 

guideline manuals provided by the polymer supplier (BASF Canada Inc.) whereas the 

dosages were based on a thorough literature review (e.g. Sworska et al., 2000; Li et al., 

2008 and Wang et al., 2010).  
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Figure 3.1 shows the comprehensive laboratory research program. Each of the test 

procedures is described in this section whereas the test data and example calculations are 

given in the Appendix. The tests were conducted in the following phases using standard 

ASTM procedures and specialized test methods. 

3.2 Geotechnical index properties 

3.2.1 Water content 

Water content (w) is the amount of water present in a soil and is expressed as a 

percentage quantity. Water content was determined according to the ASTM Standard 

Test Methods for Laboratory Determination of Water (Moisture) Content of Soil and 

Rock by Mass (D2216-10) where the sample was weighed and oven dried at 105ºC for 24 

hrs. 

3.2.2 Specific gravity 

Specific gravity (Gs) is the ratio of the mass of soil solid to the mass of an equal volume 

of distilled water at 4°C. Specific gravity was determined according to the ASTM 

Standard Test Method for Specific Gravity of Soil Solids by Water Pycnometer (D854-

10). Vacuum de-airing was used to preclude the effect of floating residual bitumen.  

3.2.3 Grain size distribution 

For grain size distribution, a hydrometer test was performed according to the ASTM 

Standard Test Method for Particle-Size Analysis of Soils [D422-63(2007)]. The wet MFT 

sample (about 50 g on dry mass basis) was dispersed with sodium hexametaphosphate 

(100 mL of 40 g/L concentration solution). The ingredients were poured in a 1000 mL 

graduated jar that was filled by adding distilled water.  
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Figure 3.1: The laboratory research program of the investigated MFT sample 
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After test completion, wet sieving was conducted on the same sample using a range of 

sieve sizes from 1 mm through 0.075 mm. 

3.2.4 Consistency limits 

Liquid limit (wl) is the water content above which soils flow like a liquid and plastic limit 

(wp) is the water content above which soils exhibit a plastic behaviour. The liquid limit 

and plastic limit were determined as per the ASTM Standard Test Methods for Liquid 

Limit, Plastic Limit and Plasticity Index of Soils (D4318-10).  

3.2.5 Soil classification 

The soil samples were classified according to Unified Soil Classification System (USCS) 

using the ASTM Standard Practice for Classification of Soils for Engineering Purposes 

(D2487-10). 

3.3 Solids mineralogy 

3.3.1 X-ray diffraction analysis 

The solid mineralogy was determined using bitumen-free samples. To remove bitumen, 

the sample was treated in a toluene vapor bath at 110°C for 24 hrs while being wrapped 

in a filter cloth and placed in a large thimble to avoid fines loss: 110°C oven temperature 

precluded the disturbance of connate water within the clay minerals. X-ray diffraction 

(XRD) analysis was conducted for identification of fine grained soil minerals in a 

diffractometer (Philips X’Pert PRO) that had a Cu broad focus tube at 40 kV and 55 mA 

with a monochromatic incident ray (Cu K-α). Approximately 3000 mg of pulverized and 

randomly oriented bulk sample was examined from 0° through 60°. The Inorganic 

Crystal Structure Database (ICSD) was used to identify the minerals and the Rietveld 

analysis software (AUTOQUANTM) was used to quantify the materials. 
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3.3.2 Thermo-gravimetric analysis 

Thermo-gravimetric analysis (TGA) was conducted to identify water loss and phase 

transitions (from heat flow variations) in the sample. About 60 mg powdered bitumen- 

free sample was placed in the analyzer (SETARAM 111) and the temperature was 

gradually raised from ambient to 800°C at a ramp rate of 10°C/ min. The weight loss 

during the thermal cycle was recorded. The set-up was initially purged with nitrogen (N2) 

and gas flow was maintained throughout the test at the standard rate of 30 cm
3
/min. 

3.3.3 Specific surface area 

Specific surface area is the total surface area of a soil per unit mass. The specific surface 

area was determined through the methylene blue analysis conducted according to the 

ASTM Standard Test Method for Methylene Blue Index of Clay (C837-09). About 5000 

mg bitumen-free sample was dispersed in de-ionized water, methanol, and sulfuric acid. 

Methylene blue (MB) solution was drop-wise added in the mixture. After each MB 

addition, sample of the titrated mixture was transferred to a filter paper (Whatman No. 1) 

using a pipette and the appearance of the drop was observed. The end point and the 

completion of the titration was indicated when a blue halo formed around the drop. The 

volume of MB added on the filter paper was recorded and this value was denoted as the 

methylene blue index (MBI). The specific surface area was calculated as the product of 

MBI, the surface area of MB molecule (1.3 nm
2
), and the Avogadro’s number (0.0602 

m
2
/g). 

3.3.4 Cation exchange capacity 

Cation exchange capacity (CEC) is defined as the quantity of cations (positively charged 

ions) that a clay mineral can accommodate on its negatively charged surface. To correlate 
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mineralogy with cation exchange, individual cations (Na
+
; K

+
, Ca

2+
, and Mg

2+
) were 

determined using the ammonium acetate method (Hendershot et al., 2008). 

Approximately 10 g of bitumen-free sample was poured into NH4OAc (1 mol/L 

concentration) solution in a 50 mL centrifuge tube that was agitated for 15 min at 115 

rpm. The solution was left overnight and transferred to the Buchner funnel having a 

Whatman No. 42 filter paper. The NH4
+
 saturated leachate was added with KCl (1 mol/L 

concentration) to replace NH4
+ 

by
 
K

+
 and the filtrate was analyzed in a volumetric flask. 

 

The cations were determined from the amount of displaced K
+
. The ion types were 

quantified using suitable dilution factors and blanks’ concentrations. The sum of ions was 

reported as cation exchange capacity (CEC). 

3.4 Pore water chemistry 

3.4.1 pH and electrical conductivity 

The pH is a measure of the activity of the hydrogen (H
+
) ion that measures the H

+
 ion 

concentration in solution. Electrical conductivity (EC) is defined as the ability of a 

solution to carry an electrical current. This property can be correlated with the type of ion 

and total ion concentration of pore water. The pH and EC were measured on as received 

MFT samples and the released water from centrifuge test. The pH and EC were measured 

using a pH/EC meter (D-54) as per ASTM Standard Test Method for pH of Soils 

[D4972-01(2007)] and ASTM Standard Test Methods for Electrical Conductivity and 

Resistivity of Water [D1125-95(2009)], respectively. The instrument was calibrated with 

standard solutions for both pH and EC prior to each analysis. 
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3.4.2 Dissolved ions 

The concentrations of Na
+
, K

+
, Mg

2+ 
and Ca

2+ 
ions was conducted on the pore water of 

MFT sample. The cations were determined by the Inductively Coupled Plasma method 

using a Thermal Jarrell Ash IRIS Advantage. Likewise, the titration with standard H2SO4 

using Phenolphthalein and Bromocresol Green indicators determined HCO3
-
 and CO3

2- 

ions. Finally, the ASTM Standard Test Method for Anions in Water by Suppressed Ion 

Chromatography (D4327-11) was employed to determine Cl
-
 and SO4

2-
 ions using a 

Dionex DX-500. 

3.4.3 Zeta potential 

To understand the physicochemical interactions during dewatering, the zeta potential 

(ZP) was determined using the Zeta Meter System 4.0, as described in Figure 3.2. To 

facilitate visual tracking of the particles, a 500 mg/L ion concentration test solution was 

prepared. This was done by first making a stock solution by adding 5 mL (5000 mg) of 

pore water to 995 mL distilled water and then obtaining the desired test solution from it 

by adding 100 mL of the stock solution to 900 mL distilled water. The test solution was 

poured in a 1000 mL beaker that, in turn, was put on a magnetic stirrer for 

homogenization (Figure 3.2a). A pump circulated this test solution from the beaker 

through an electrophoresis cell that was mounted on a microscope (Figure 3.2b). A video 

camera attached to the microscope visually observed colloidal movement through the 

solution and displayed that motion on the LCD monitor. The path traversed by individual 

colloids inside the electrophoresis cell was followed using the graduated scale on the 

LCD monitor (Figure 3.2c). The ZP was measured by using the tracking device of this 

Zeta Meter Unit that was connected to the electrophoresis cell (Figure 3.2d).  
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Figure 3.2: Zeta meter system 
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A set of 24 colloids (randomly chosen) was tracked for each sample and the median value 

was reported as ZP. The Zeta Meter System was regularly calibrated using a standard 

colloidal suspension (Min-U-Sil). 

3.5 Dewatering 

3.5.1 Centrifuge test 

Figure 3.3 describes the centrifuge test conducted by using the Sorvall Thermo Scientific 

Biofuge Primo R. The digitally controlled centrifuge unit (Figure 3.3a) comprised of a 

swinging bucket rotor with a four bucket capacity (Figure 3.3b) and a radius (r) of 14 cm.  

Transparent and graduated tubes (50 mL) were filled with the slurry and placed in 

separate buckets using ceramic tube-holding adapters, as shown in Figure 3.3c. An equal 

sample weight of about 40 g was poured in each of the graduated tube, thereby, ensuring 

adequate rotor operation. The tests were conducted at an angular velocity (R) of 1000 rpm 

to 4000 rpm and run times of 5 min to 20 min: a constant temperature of 20ºC was used. 

The angular velocity and runtime were selected based on the literature review and the 

highest capacity of rotor. The graduated tubes were retrieved after each test and put on 

stand for visually observation and annotation. As shown in Figure 3.3d, most samples 

exhibited three distinct layers: (i) released water at the top; (ii) entrapped water in the 

middle; and (iii) sediment at the bottom. The corresponding heights (h1, h2, and h3) were 

carefully measured at four locations along the perimeter of the tube and an average value 

was recorded for each layer.  
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Figure 3.3: Centrifuge test system 
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Using the total sample height (H) at the start of the test, the layer heights were converted 

to released water (h1/H), entrapped water (h2/H), and sediment solids content (s = H Gs / 

(H Gs + H e  – h3 e)): where e is the initial void ratio. These test data were plotted with 

respect to a dimensionless number calculated from the operational conditions for each 

test using the following relationship: g-factor = 11.18 r (0.001 R)
2 

. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 

4.1 General 

This chapter first presents the geotechnical index properties. This is followed by the 

solids mineralogy and water chemistry results to have a fundamental understanding of 

physicochemical properties of MFT. Next, centrifuge test results are discussed for as 

received and polymer modified MFT in terms of dewatering improvement. Finally, 

dewatering properties from centrifuge test are correlated with independently measured 

physicochemical properties of the released water (pH, EC and ZP). The correlation is 

tried to explain through the conceptual models. 

 4.2 Geotechnical index properties 

Table 4.1 summarizes the geotechnical index properties of MFT. The water content 

measured 240% corresponding to a solids content of 29%. The presence of bitumen 

resulted in a low Gs = 2.36 compared to typical sedimentary clays for which Gs ranges 

between 2.6 and 2.9 (Das, 1983). The grain size distribution (shown in Figure 4.1) 

indicated fine grained tailings with material finer than 0.075 mm and that finer than 0.002 

mm measuring 93% and 53%, respectively. This is attributed to the geologic origin of the 

oil sand deposits (primarily consisting of sand with lenses of clay shale) that is passed 

through a series of screens and processed along with water to extract the oil. Miller et al. 

(2010) reported small variations in the grain size distribution of MFT due to changes in 

the extraction process (caustic and non caustic), choice of process water (treated, 

untreated, and recycled) and ore geology (marine and non- marine).  
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Table 4.1: Summary of geotechnical index properties of MFT 

 

Property Value 

Water content, w (%) 240 

Solids content, s (%)
1
 29 

Specific gravity, Gs 2.36 

Material finer than 0.075 mm (%) 93 

Material finer than 0.002 mm (%) 53 

Liquid limit, wl (%) 55 

Plastic limit, wp (%) 25 

USCS classification CH 

 

1. s = 1 / (1 + w) 
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Figure 4.1: Grain size distribution curve  

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER 4 

 

 

46 

The liquid limit and plastic limit were found to be 55% and 25%, respectively. These 

values indicate a moderate water adsorption onto the clays and are influenced by the 

combined effect of clay mineralogy, water chemistry, and bitumen content (Azam, 2012). 

Overall, the investigated MFT was classified as high plasticity clay (CH). 

4.3 Solids mineralogy 

Table 4.2 gives a summary of the solids mineralogy of MFT. The table indicates that the 

investigated MFT has about 60% non-clay minerals comprising mainly quartz (55%), 

minor siderite (2%) and about 40% clay minerals predominantly kaolinite (28%) and 

illite (11%) and minor muscovite (2%). The corresponding X-ray diffraction patterns 

(shown in Figure 4.2) indicated the presence of distinct quartz peaks at 2θ = 19°, 25.5°, 

37°, 41°, 43.7°, 47.1°, 52.5° and 58° thereby confirming the accuracy of the analysis for 

other minerals (Mitchell and Soga, 2005). The kaolinite peaks were identified at 9.5°, 

23.7°, 35° and 40° angle (2θ), the illite peaks were identified at 5.5° and 16° angle (2θ) 

and the muscovite peak was identified at 27° angle (2θ). All of these minerals evolved 

from the oil bearing Cretaceous McMurray formation. According to Scott et al. (1985), 

quartz and siderite originated from the lower coarse sand unit whereas kaolinite and illite 

originated from the upper silty clay layer.  

Figure 4.3 shows the TG analysis of the investigated MFT. The sample exhibited 

a total weight loss of 8%. The weight loss rate with temperature curve shows three main 

peaks along with distinct water reduction. The first small peak occurred at about 100°C 

with an associated weight reduction of about 0.5% that is attributed to the loss of 

adsorbed water. The second peak occurred between 370°C and 450°C with a 

corresponding weight loss of about 1%.  
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Table 4.2: Summary of solids mineralogy of MFT 

 

Property Value 

Minerals* (%) 
Non-clay:      Quartz (55); Siderite (2);Other (2) 

Clay:           Kaolinite (28); Illite (11); Muscovite (2) 

Specific surface area (m
2
/g) 43 

Exchangeable cations (cmol(+)/kg) Na
+
 (15.1); K

+
 (0.9); Ca

2+ 
(9.4); Mg

2+ 
(3.2)  

Total CEC (cmol(+)/kg) 28.6 

 

* Accuracy ± 1%  
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Figure 4.2: X-ray diffraction patterns  
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Figure 4.3: Thermo-gravimetric analysis 
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This weight loss indicates the decomposition of residual organics (bitumen) (Kaminsky, 

2008). The third peak was found to be between 450°C and 600°C along with a 4.5% 

weight loss due to structural collapse of kaolinite (Mitchell and Soga, 2005).  

The specific surface area measured 43 m
2
/g and correlated well with the 40% clay 

mineral content of MFT as typical values for kaolinite range from 10-20 m
2
/g and for 

illite from 65-110 m
2
/g. Likewise, the CEC measured 28.6 cmol(+)/kg where Na

+ 
ion was 

found as the major exchangeable cation accounting for more than half of the total CEC. 

The presence of Ca
2+

 and Mg
2+ 

cations are indicative of clay forming minerals. The CEC 

is attributed to the presence of kaolinite (typically 3-15 cmol(+)/kg) and illite (typically 

10-40 cmol(+)/kg) and is affected by the negatively charged residual bitumen that attracts 

cations (Aprile et al., 2012).  

4.4 Pore water chemistry 

Table 4.3 shows the pore water chemistry of MFT. The pH measured 8.15, which is 

within the typical range (8.0 to 8.5) maintained in the extraction process to facilitate 

bitumen removal from the solid particles. The EC measured 3280 µS/cm that is typical 

for fine grained saline soils (2000-4000 µS/cm), as reported by Mitchell and Soga (2005). 

The Na
+
 and HCO3

-
 were found to be the dominant ions in the tailings water that 

measured 776 mg/L and 679 mg/L, respectively. The presence of Na
+
 is attributed to 

NaOH addition during the extraction process and that of HCO3
-
 is associated with the 

tailings connate water and CO2 adsorption during aeration for bitumen recovery 

(Jeeravipoolvarn, 2005). Likewise, the high concentrations of Cl
-
 (518 mg/L) and SO4

2- 

(377 mg/L)
 
are due to the presence of high amounts of salts in MFT that, in turn, is due to 

the marine geology of the ore (Proskin et al., 2012).  
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Table 4.3: Summary of pore water chemistry of MFT 

 

Property Value 

pH 8.15 

Electrical conductivity 

(µs/cm) 
3280 

Dissolved ions (mg/L) 

Cations: Na
+ 

(776); K
+ 

(13.6); Mg
2+ 

(8); Ca
2+ 

(10.9) 

Anions: Cl
- 
(518); HCO3

- 
(679); CO3

2- 
(22); SO4

2-
 (377) 

TDS:  2407 

Ionic Strength (mol/L) 0.04
1
 

SAR 43
2
 

Zeta potential (mV) -46.0
3
 ; -27.0

4
   

 

1. Ionic strength, I =  � 

 Σn��
 

; where, no = ion concentration, ν = valence 

2. SAR = [���]
√[���� !�]


 

3. As received MFT 

4. Bitumen-free MFT 
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Overall, ion balance was found to be within 2%, the TDS measured 2407 mg/L, the ionic 

strength was calculated to be 0.04 mol/L (one-and-half order of magnitude lower than 

seawater), and the SAR value was found to be 42. Miller et al. (2010) described MFT as 

“likely dispersed” for SAR > 20 and as “completely dispersed” for SAR > 40. A 

dispersed fabric is also suggested by ZP measurement of the investigated MFT (-46.0 

mV) and of the bitumen-free MFT (-27 mV). According to Hogg (2000), organic coating 

promotes electrostatic repulsion between particles thereby increasing negative surface 

charges. An increase in electro-negativity due to the presence of bitumen causes the 

overall increase in net surface charge and zeta potential. Since net negative charge is the 

primary factor in controlling clay dispersion (Chorom and Rengasamy, 1995), the higher 

ZP value of the investigated MFT indicates the particles were more dispersed than the 

bitumen free one.  

4.5 Dewatering 

Figure 4.4 shows the centrifuge test results of as received MFT in the form of released 

water (h1/H), entrapped water (h2/H) and sediment solids content (s) with respect to g-

factor ( range varies from 160 g to 2550 g) at different runtimes ranging from 5 min to 20 

min. Generally, an increase in runtime resulted in improving the dewatering properties of 

the investigated MFT. The scatter in the test data is attributed to the inconsistency in 

sample collection and errors due to observational bias. The figure shows a distinct 

improvement from as received MFT condition due to centrifuge dewatering. All three 

curves showed similar trends depicting a gradual increase in released water (by 4.7%) 

and sediment solids content (by 7%) corresponding to a decrease in entrapped water (by 

30%).  
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Figure 4.4: Centrifuge test results of as received MFT 
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Plotting the dewatering parameters (Figure 3.3d) on the y-ordinate and using equation 

constants (a, b, c), the data fitted well to the following equation:  

y = �
# +  b ∗ ln(g* + c          where, g = 160 to 2550                   [4.1] 

The 99% confidence intervals developed for the above equation showed the range of best 

fit equations and indicated that most of the test data were in the range of this interval.  

Figure 4.5 shows the centrifuge test results of polymer modified MFT at 10 mg/L 

and 20 mg/L in the form of released water (h1/H), entrapped water (h2/H) and sediment 

solids content (s) with respect to g–factor at different runtimes ranging from 5 min to 20 

min. Polymer addition and centrifugation improved the dewatering parameters of the 

investigated MFT with an increase in runtime generally associated with better 

dewatering. The scatter in test data is attributed to the above mentioned reasons and was 

found to best fit to Equation 4.1 over the investigated g-range factor and runtime. The 

99% confidence interval again showed that most of the test data lie within this range. The 

figure shows that up to 630 g, MFT dewatering parameters improved when compared 

with the base condition. However, an opposite trend was observed beyond the above 

mentioned value of g-factor. At the optimum value of 630 g and 10 mg/L polymer 

(Figure 4.5a), the released water increased by 17%, the entrapped water decreased by 

58%, and the sediment solids content increased by 13%. The corresponding values at 20 

mg/L (Figure 4.5b) were found to be 34%, 82%, and 18%, respectively. 

The results showed that the polymer modified MFT with centrifuge improved the 

dewatering parameters than as received MFT with centrifuge. For the given grain size 

distribution (Figure 4.1), the centrifuge test improved dewatering primarily because of 

particle segregation (Agarwal, 2002) that can be explained from Figure 4.6.  
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Figure 4.5: Centrifuge test results of polymer modified MFT (a) 10 mg/L of anionic 

polymer and (b) 20 mg/L of anionic polymer   
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On the other hand, several processes take place when a polymer solution is added to 

tailings and the ingredients are accelerated to high g values. These can be explained 

through the combination of centrifugation effect (Figure 4.6) and polymer modification 

effect (Figure 4.7) on dewatering improvement.  

Figure 4.6 shows the effect of centrifugation on dewatering improvement. The 

increased collisions (Figure 4.6a) in a centrifuge resulted in the development of particle 

assemblages albeit not all particles included in floc formation. The preferential settling of 

coarser particles and particle assemblages with respect to individual particles resulted in 

particle segregation, thereby initiating the three layers (Figure 4.6b). According to Nam et 

al. (2008), the inter-floc voids between the coarser particles (quartz and non-clay) and 

particle assemblages within the sediment provided path of least resistance to upward 

water flow up to optimum centrifugation (Figure 4.6c). This phenomenon of channelling 

was absent in the intermediate layer because the fine clay particles remained dispersed 

due to the abundance of Na
+
 in the system, both as the major exchangeable cation and as 

the dominant ion in the tailings water. The occasional migration of fines through both the 

sediment and the intermediate layer provided the rationale to measure physicochemical 

properties in the released water. The presence of assemblage formation and flow channels 

was based on visual observations during the testing. Azam (2011) reported that the 

particle assemblages comprise of 25 µm to 30 µm rounded flocs that are vaguely 

separated by void spaces with 1 µm to 5 µm width.  
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Figure 4.6: The effect of centrifugation on dewatering improvement  
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Figure 4.7 shows the effect of polymer modification on dewatering improvement. 

When the anionic polymer was added to the investigated MFT, it adsorbed mainly on to 

individual clay particles at multiple sites through several segments (chains, loops and 

tails) (Figure 4.7a). The driving force for this adsorption is hydrogen bonding between 

the polymer’s amide (NH2) group and the negative charged clay particle surface (Mpofu 

et al., 2003). Furthermore, the repulsion between similarly charged polymer chains and 

clay particles allowed the former to expand their chain conformation, thereby attaching to 

more particles (Mpofu et al., 2003). The change in polymer conformation occurs from a 

random coil in solution to an extended form at the surface in which adsorbed polymer 

segments alternate with loops and tails extending away from the surface (Theng, 1982). 

The combination of hydrogen bonding and polymer extension resulted in the formation of 

multi-particle assemblages up to optimum centrifugation (Figure 4.7b). Conversely, 

excess centrifugation (Figure 4.7c) caused the polymer to coil up and saturated the clay 

particle surface with multiple polymer ligands (Tripathy et al., 2006). The surface 

saturation phenomenon resulted in floc breakage (Figure 4.7d), as described by Cirak, 

2010. 

The combined effect of the centrifugation and the polymer application was found 

improving the dewatering parameters of the investigated MFT better than the single 

effect of the centrifuge test. However, the polymer efficiency predominantly depends on 

the ionic strength, pH and cation exchange capacity (Theng, 1982). Therefore, the change 

in physicochemical properties has a bearing effect on the dewatering parameters.      
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Figure 4.7: The effect of polymer modification on dewatering improvement  
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4.6 Physicochemical interactions  

Figure 4.8 shows the physicochemical properties (pH, EC, and ZP) of the released water 

after the centrifuge test with respect to g-factor at different runtimes ranging from 5 min 

to 20 min. These measurements in the released water captured the sediment properties 

owing to the presence of ultrafine particles that moved upwards through channels albeit 

mostly entrapped in the bottom sediment and the intermediate suspension. Centrifugation 

decreased all of the physicochemical properties of the investigated MFT such that an 

increase in runtime generally associated with lower values. The scatter in ZP test data is 

attributed to observational difficulty associated with colloidal invisibility, tortuous 

trajectories, bitumen interference, and statistical population. The data was best fitted to an 

equation similar to Equation 4.1 for maintaining the consistency and similarity in 

equations throughout the investigation in order to better understand the correlations. 

Again, most of these data were within the range of 99% confidence interval. Over the 

investigated range of g-factor, the pH decreased from 8.15 to 7.2, EC from 3295 µS/cm 

to 2530 µS/cm and ZP from -40 mV to -28.7 mV (close to bitumen-free sample).  

Figure 4.9 shows the physicochemical properties of the released water for 10 

mg/L and 20 mg/L in the form of pH, EC and ZP with respect to g–factor at different 

runtimes ranging from 5 min to 20 min. The data was again best fitted to Equation 4.1 

and most of these data were within the range of 99% confidence interval. Overall, the 

physicochemical properties closely followed the dewatering parameters with 630 g as the 

optimum value. At the optimum and 10 mg/L polymer (Figure 4.9a), the pH value 

decreased to 7.5, EC decreased to 2615 µs/cm, and ZP decreased to -26 mV.  
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Figure 4.8: Physicochemical test results of released water from as received MFT 
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Figure 4.9: Physicochemical test results of released water (a) 10 mg/L of anionic polymer 

and (b) 20 mg/L of anionic polymer 
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The corresponding values at 20 mg/L (Figure 4.9b) were found to be 7.5, 2234 µs/cm, 

and -21 mV, respectively.  

The presence of clay minerals in a basic pH = 8.15 means negatively charged 

particles with OH
-
 serving as the potential determining ion (Prasanphan and Nuntiya, 

2006). The decreasing trends in pH, EC and ZP are due to particle aggregation. The 

decrease in pH, EC, and ZP with respect to g-factor is attributed to the effective capture 

of negatively charged clay particles (mainly in the intermediate layer, as observed during 

centrifuge testing) and the partial removal of bitumen coating from these particles 

(confirmed through TGA in Figure 4.3), thereby, reducing electrostatic repulsion.  

Conceptually, centrifugation resulted in the preferential settling of coarse particles 

(generally non-clays) and particle assemblages (non-clays and clays) with respect to fine 

particles (mainly clays) means that the fines primarily remained suspended in the 

intermediate layer. The predominance of Na
+
 in exchangeable cations and in pore water 

resulted in dispersion of these fine clay particles. Likewise, the variable removal of 

bitumen-coating in this layer caused variations in the measured physicochemical 

properties. Furthermore, channelling allowed releasing part of the inter-particle and inter-

assemblage water whereas the intra-assemblage water was difficult to move because of 

being electrochemically adsorbed to clay particles. An increase in the released water was 

associated with dilution thereby producing more H
+
 ions, reducing particle mobility, and 

decreasing negative charges. 

In case of polymer modified MFT, The decrease in each of the parameters is 

attributed to the following reasons. First, water dilution that results in producing more H
+
 

ions (pH decrease), reduction in particle mobility (EC decrease), and reduction in 
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negative charges (ZP decrease). Second, charge neutralization due to hydrogen bonding 

between the polymer’s amide (NH2) group and the negative charged clay particle surface. 

Third, shear plane displacement due to an increase in adsorbed layer thickness due to the 

negatively polymer chains. Overall, the physicochemical properties correlated well with 

the dewatering parameters.  

Figure 4.10 shows the conceptual physicochemical model of the change in 

physicochemical properties before and after polymer adsorption for both as received and 

bitumen extracted MFT. Conceptually, a reduction in zeta potential from the as received 

MFT (Figure 4.10a) to the bitumen extracted MFT (Figure 4.10b) can be attributed to the 

presence of organic coating (bitumen) and high pH. Since MFT has a basic pH, both 

bitumen and clay particle surfaces become negatively charged due to the dissociation of 

silanol groups of the clay particles and the acid molecules (R-COOH) of bitumen, thus, 

causing the overall particle surface more electronegative (Heffer and Little, 2005). An 

increase in electro-negativity due to the presence of bitumen causes the overall increase 

in surface potential and zeta potential as shown in Figure 4.10a. Figure 4.10c and Figure 

4.10d show the effect of polymer modification on ZP for the above two MFT particles. 

When an anionic polymer is adsorbed on the particle surfaces, an adsorbed layer is 

formed around the particles due to an increase in charge from the carboxyl (COO
-
) 

groups of polymer. The increase in adsorbed polymer layer thickness due to the increase 

in dosage causes a shift in plane of shear from the stern layer and eventual zeta potential 

reduction (Mpofu et al., 2003). The reduction in zeta potential is followed by a reduction 

in pH and electrical conductivity for the solution.  
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Figure 4.10: Physicochemical model of the change in physicochemical properties before 

and after polymer adsorption 
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The increase in pH, EC and ZP after 630g is therefore attributed to the excess 

centrifugal rotation that changed the polymer conformation and weakened the bridging 

bonds. Overall, the results indicate that the physicochemical properties in Figure 4.8 and 

Figure 4.9 corroborate well with the centrifuge test results in Figure 4.4 and Figure 4.5 

for both as received and polymer modified centrifuged MFT. 
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CHAPTER 5 

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Summary 

Fundamental understanding of tailings properties is pivotal for developing sustainable 

mine waste management strategies. This is particularly true for MFT because of its 

marginal settling behavior (related to complex physicochemical interactions) that can be 

improved through centrifuge test (a physical process that affects such interactions) and 

polymer application. The main contributions of this research are summarized as follows: 

• A research methodology was developed to improve the dewatering properties of 

MFT using a bench scale centrifuge in conjunction with polymer modification. 

• Conceptual models were developed to understand the dewatering properties of 

MFT based on centrifugation and polymer modification.   

5.2 Conclusions 

The main conclusions of this study are summarized as follows: 

• MFT was found to be a fine grained material with clay size fraction of 53% and 

possessing a moderate water adsorption capacity (wl = 55% and wp = 25%). The solids 

comprised of 55% quartz and 40% clay minerals (kaolinite and illite) and showed a 

specific surface area of 43 m
2
/g and a cation exchange capacity of 29 cmol(+)/kg. 

Likewise, the pore water was dominated by Na
+
 (776 mg/L) and HCO3

-
 (679 mg/L), 

related to the extraction process and by Cl
-
 (518 mg/L) and SO4

2- 
(377 mg/L), related to 

ore geology. A basic pH (8.15), a high EC (3280 µS/cm), and a high ZP (-46 mV) 

indicated a dispersed MFT microstructure.  
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• Centrifugation improved MFT dewatering through the physical mechanisms of 

particle segregation, assemblage formation, and flow channeling. For the investigated g-

factor of up to 2550 g, the released water increased by 4.7%, the entrapped water 

decreased by 30% and the sediment solids content increased by 7%. The corresponding 

decrease in pH was from 8.15 to 7.2, EC from 3295 µS/cm to 2530 µS/cm, and ZP from -

40 mV to -28.7 mV. These data confirmed aggregate formation and an effective capture 

of clay particles, mainly in the intermediate suspension zone. 

• Centrifugation with polymer application was found to improve MFT dewatering 

up to 630 g (because of assemblage formation due to increased particle collisions and 

polymer adsorption) beyond which dewatering declined (owing to floc breakage due to 

excess centrifugation and surface saturation). For 10 mg/L polymer, the released water 

increased by 17%, the entrapped water decreased by 58%, and the sediment solids 

content increased by 13%. The corresponding values at 20 mg/L were found to be 34%, 

82%, and 18%, respectively.  

• The physicochemical parameters were found to correlate well with tailings 

dewatering. The decrease in pH, EC, and ZP up to 630 g is due to water dilution, charge 

neutralization, and shear plane displacement beyond which opposite phenomena 

occurred. At the optimum and 10 mg/L polymer, the pH value decreased to 7.5, EC 

decreased to 2615 µs/cm, and ZP decreased to -26 mV. The corresponding values at 20 

mg/L were found to be 7.5, 2234 µs/cm, and -21 mV, respectively.  

5.1 Recommendations 

The future recommendations are as follows: 
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• The research results should be validated under pilot centrifuge conditions 

(temperature, g-factor and runtime) as well as different polymer properties (polymer 

dosage, molecular weight, charge density), thereby, developing an optimized dewatering 

scheme for MFT. 

• Long term behaviour of polymer amended centrifuged slurries in the tailings 

containment facilities should be investigated under various conditions like freeze-thaw, 

wet-dry cycle and spatial distribution in order to understand the performance in the pond.   
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APPENDIX 

 

The followings are the list of test results included in the appendix: 

• Determination of water content 

• Determination of specific gravity 

• Grain size distribution analysis 

• Determination of consistency limits test 

• Determination of ZP 

• Calculation of sediment solids content for centrifuge test 

• Calculation of g-factor for centrifuge test 

• Centrifuge test and physicochemical test results 
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Water content 

Table 1: Results from water content determination 

Sample ID A-1 

Mass of can, Mc (g) 32.31 

Mass of can and moist sample, Mcms (g) 136.76 

Mass of can and dry sample, Mcds (g) 62.89 

Mass of dry sample, Ms (g) 30.58 

Mass of water, Mw (g) 73.87 

Water content, w (%) 241.56 

 

Water content of the MFT sample was calculated by following equation: 

w (%) = 
,-
,.

 x 100 = 
(,23.4 ,25.*

(,25.4 ,2 *  x 100  

         = [(136.76 – 62.89) / (62.89 – 30.58)] x 100 

                               = 241.56% ~ 240% 
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Specific gravity 

Table 2: Results from specific gravity determination 

Sample ID A-1 

Temperature (°C) 22.8 

Mass of pycnometer empty and dry (g) 194.66 

Mass of pycnometer with water, M1 (g) 693.12 

Mass of pycnometer with sample and water, M2 (g) 722 

Mass of dry sample, Ms (g) 50.11 

Mass of equal volume of water as the soil solids, Mw (g) 21.23 

Temperature correction, CT 0.9994 

Specific gravity at test temperature, GT = Ms/Mw 2.36 

Specific gravity at 20°C temperature, G20°C = GT * CT 2.36 

 

Specific gravity of the MFT sample was calculated by following equation: 

GT = 
,.
,-

 = 
,.

(( ,�6 ,. *4,* = [50.11/ {(693.12+50.11)-722)}] 

                                         = 50.11/21.23 = 2.36 

G20°C = GT * CT = 2.36 * 0.9994 = 2.36 
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Grain size distribution 

Sieve analysis 

Mass of container = 191.92 g 

Mass of container + sample = 361.85 

Mass of sample, MT = 169.93 g 

Mass of equivalent dry sample, Ms = MT/ (1+ w) = 169.93/ (1+ (240/100)) g = 49.98 g 

Table 3: Results from sieve analysis determination  

Sieve 

Number 

Diameter 

(mm) 

Mass of 

empty 

pan, Mc 

(g) 

Mass of pan + 

dry Soil 

retained, Mcds 

(g) 

Soil retained, 

Mds = Mcds- Mc         

(g) 

% retained 

= ( Mds / 

Ms)* 100 

Cumulative 

% retained 

% Finer =  

(100 -  

cumulative 

% retained) 

10 2 32.24 32.24 0 0 0 100 

20 0.85 32.34 32.34 0 0 0 100 

45 0.355 32.28 32.78 0.5 1 1 99 

60 0.25 32.25 33.15 0.9 1.8 2.8 97 

120 0.125 32.47 33.57 1.1 2.2 5 95 

200 0.075 32.34 33.54 1.2 2.4 7.4 93 

Pan ….. 393.08 439.36 46.28 92.6 100 0 

      Total Mass = 49.98       
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Grain size distribution 

Hydrometer analysis 

Hydrometer number = 152H      Dispersing agent = Sodium hexametaphosphate (40 g/L) 

Mass of soil sample, Ms = 50.03 g     % Finer of # 10 sieve, F10% = 100 

Zero correction = +7       Correction factor, a = 1.058 

Table 4: Results from hydrometer analysis determination 

Date  Time Elapsed 

time, t 

(min) 

Actual 

hydrometer 

reading, RA 

Temp  

(°C) 

CT Corrected 

hydrometer 

reading, RC =  

RA- zero 

correction + 

CT  

Effective 

depth, L 

(cm) 

K Dia, Do 

= K√ 

(L/t) 

(mm) 

% Finer, 

F = (a* 

Rc* 100) 

/Ms 

Adjusted 

% finer =  

(F* 

F10%)/100 

18-Nov 12:00 0                   

18-Nov 12:00 0.5 50 20.5 0.1 43.1 8.1 0.0142 0.0574 91.2 91.2 

18-Nov 12:01 1 49.7 20.5 0.1 42.8 8.2 0.0142 0.0407 90.6 90.6 

18-Nov 12:01 1.5 49.5 20.5 0.1 42.6 8.2 0.0142 0.0333 90.2 90.2 

18-Nov 12:02 2 49 20.5 0.1 42.1 8.3 0.0142 0.0290 89.1 89.1 

18-Nov 12:04 4 48 20.5 0.1 41.1 8.5 0.0142 0.0207 87.0 87.0 

18-Nov 12:08 8 47 20.5 0.1 40.1 8.6 0.0142 0.0148 84.9 84.9 

18-Nov 12:16 16 45 20.5 0.1 38.1 9.0 0.0142 0.0106 80.7 80.7 

18-Nov 12:30 30 43 20.8 0.3 36.3 9.3 0.0142 0.0079 76.7 76.7 

18-Nov 13:00 60 40.5 20.8 0.3 33.8 9.7 0.0142 0.0057 71.4 71.4 

18-Nov 14:00 120 38 20.9 0.3 31.3 10.1 0.0142 0.0041 66.2 66.2 

18-Nov 16:00 240 35 21 0.4 28.4 10.6 0.0141 0.0030 60.0 60.0 

18-Nov 20:00 480 32 20.8 0.3 25.3 11.1 0.0142 0.0022 53.4 53.4 

19-Nov 12:00 1440 29 20.6 0.2 22.2 11.6 0.0142 0.0013 46.9 46.9 
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Consistency limit 

Liquid limit 

Table 5: Results from liquid limit determination 

Sample ID A1 

Trial no. 1 2 3 

Number of drops 33 22 15 

Mass of can, Mc (g) 44.84 44.74 44.83 

Mass of can and moist sample, Mcms (g) 58.85 58.2 54.83 

Mass of can and dry sample, Mcds (g) 53.98 53.4 51.2 

Mass of dry sample, Ms (g) 9.14 8.66 6.37 

Mass of water, Mw (g) 4.87 4.8 3.63 

Water content, w (%) 53.2 55.4 57 

 

Liquid limit of the MFT sample was calculated by following equation: 

wl = wN (%) ( �

7*�.�
� 

where,  

wl = liquid limit 

wN = moisture content (%) for 12.7 mm groove closure in the liquid limit device at N 

(between 20 and 30) number of blows 

Average number of drops = (33+22+15)/3 = 23.33 

Average water content = (53.2+55.4+57)/3 = 55.2 

wl = 55.2 * (23.33/25)
0.121 

= 54.8% ~ 55%    
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Consistency limit 

Plastic limit 

Table 6: Results from plastic limit determination 

Sample ID A1 

Trial no. 1 2 3 

Mass of can, Mc (g) 44.84 44.96 44.83 

Mass of can and moist sample, Mcms (g) 47.67 48.6 50.5 

Mass of can and dry sample, Mcds (g) 47.1 47.85 49.42 

Mass of dry sample, Ms (g) 2.26 2.89 4.59 

Mass of Water, Mw (g) 0.57 0.75 1.08 

Water Content, w (%) 25.2 26 23.5 

 

Plastic limit was obtained by average of three trials as follows: 

wp = (25.2+26+23.5)/3 = 24.9% ~ 25%     
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Unified soil classification system 

For the investigated MFT sample, passing through No. 200 sieve = 93% 

Since more than 50% is passing through No. 200 sieve, it is a fine grained soil.  

For the given sample, wl = 55%, wP = 25% 

Plasticity Index, Ip = wl – wP 

                               = (55-25) % = 30%  

From the plasticity chart, Ip = 0.73 (wl – 20) = 0.73 (55-20) = 25.55% 

Since, plasticity index of the sample lies above the A-line in plasticity chart; it falls in the 

zone CH. So, the MFT sample is classified as CH (clay with high plasticity). 
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Figure 1: Plasticity chart
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Zeta potential determination 

For ZP determination, 24 colloids from each sample were tracked and ZP value of each 

of them was recorded. The median value was reported as the representative ZP value for 

the entire sample.  

Table 7: Results from ZP determination for as received and bitumen free MFT 

 ZP for As 

Received MFT 

(mV) 

ZP for Bitumen 

Free MFT (mV) 

Colloid 1 -37.4 -28.2 

Colloid 2 -46.9 -28.6 

Colloid 3 -48.9 -27.4 

Colloid 4 -44.2 -29.7 

Colloid 5 -58.3 -21.3 

Colloid 6 -41 -22.1 

Colloid 7 -54.3 -32.7 

Colloid 8 -45.3 -30.5 

Colloid 9 -45.5 -24.3 

Colloid 10 -53.7 -28.6 

Colloid 11 -42.9 -31.3 

Colloid 12 -44.2 -20.2 

Colloid 13 -47.4 -24.6 

Colloid 14 -47.7 -25.6 

Colloid 15 -38.7 -27.7 

Colloid 16 -41.9 -24 

Colloid 17 -48.7 -24 

Colloid 18 -49.1 -32.6 

Colloid 19 -40.9 -22.6 

Colloid 20 -42.1 -24.3 

Colloid 21 -48.9 -27 

Colloid 22 -47.9 -33.8 

Colloid 23 -40.8 -25.6 

Colloid 24 -49.9 -26.9 

Median -46.2 -27.0 
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Figure 2: Median ZP determination of as received and bitumen free MFT 
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Table 8: Results from ZP (in mV) determination for centrifuged as received MFT  

g-Factor 160g 630g 1420g 2550g 

Time (min) 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20 

Colloid 1 -47 -44.5 -40.1 -31 -39.2 -41.7 -29.2 -31.5 -37.4 -18.1 -31.3 -32.2 -30.2 -21.5 -32.1 -28.3 

Colloid 2 -52 -27.6 -39.8 -38.3 -30.5 -28.1 -36 -33.1 -34.7 -31.7 -34.3 -21.7 -31.2 -20.8 -37 -25.6 

Colloid 3 -42.1 -45.9 -34.7 -32.3 -26.9 -34.9 -34.4 -24.5 -31 -31 -32.2 -28.9 -29.1 -35.3 -37.6 -21.6 

Colloid 4 -40.9 -41.7 -42.2 -37.1 -41.1 -35.3 -43.6 -28.3 -39.4 -26.9 -23.9 -33.7 -38.3 -26.8 -31.6 -30.1 

Colloid 5 -42.6 -44.1 -39.8 -37.6 -33.3 -26 -35.1 -37 -39.8 -30.8 -25 -34.5 -37.9 -25.9 -23.7 -28.8 

Colloid 6 -46.1 -38.7 -38.1 -36.7 -32.7 -24.2 -36.8 -38.9 -34.5 -31.5 -28.1 -38.2 -27.4 -31.3 -29.2 -29.4 

Colloid 7 -44 -30.8 -35 -33.1 -33.5 -29.4 -38.4 -32.5 -20.5 -32.9 -33 -35.6 -28.4 -26.2 -29.7 -29 

Colloid 8 -45.1 -45.9 -32.6 -35 -35.8 -36.1 -31.4 -31.1 -29.4 -35.7 -38.9 -35.7 -28.9 -32.3 -31.2 -31.3 

Colloid 9 -52 -46.8 -35.6 -37 -35.4 -34.8 -35.9 -40 -33.4 -24.8 -29 -29.2 -29.5 -25.5 -39.2 -31.3 

Colloid 10 -44.7 -34.8 -31.1 -36.7 -37.8 -34.5 -36.3 -33.2 -26.2 -29.8 -27.9 -28.3 -30.5 -31.9 -33.4 -28.4 

Colloid 11 -42.7 -36.6 -33.2 -35.6 -33.5 -32.8 -34.6 -32 -32.9 -25.8 -31.3 -31.2 -28 -25.1 -32.4 -24.1 

Colloid 12 -48 -48 -43 -34.1 -37.1 -43.6 -34.9 -25.5 -34.5 -25 -26.3 -39.2 -28.5 -23 -30.6 -23.5 

Colloid 13 -40.8 -46 -42.8 -33.2 -34.3 -32.8 -38.5 -29.2 -34.3 -28.7 -32 -28.2 -35.9 -29.3 -35.9 -24.1 

Colloid 14 -40.1 -42.6 -41.1 -35.6 -32.2 -35.3 -37.6 -31.9 -34.5 -30.1 -37.9 -25.5 -42.7 -33 -29.7 -20.3 

Colloid 15 -41 -38.5 -40 -36.6 -32.5 -26.7 -29.9 -29.2 -24.5 -24.3 -37.3 -31.1 -29.5 -27.6 -29.4 -26 

Colloid 16 -43.3 -41.2 -29.9 -40.9 -25.7 -24.7 -28.9 -27.3 -21.9 -24.6 -32.1 -31.8 -28.2 -33.1 -28.6 -29.6 

Colloid 17 -46 -40.7 -41.2 -32.5 -31.1 -34.6 -35.2 -35.9 -26.7 -30.3 -37.5 -29.5 -29.1 -25.5 -30.1 -31.1 

Colloid 18 -45.1 -38.8 -39.8 -34.8 -37.6 -34.6 -35 -26.1 -29.4 -30.1 -36.2 -25.4 -33.7 -22.1 -29.9 -30.3 

Colloid 19 -42.1 -44.6 -37.4 -30.9 -34.3 -29.5 -32.3 -31.9 -19.9 -26.2 -23.3 -26.2 -29.5 -23.5 -33.7 -23.2 

Colloid 20 -39.1 -41.7 -32.1 -31.2 -31.1 -28.7 -39.4 -32.3 -37.3 -33.5 -26.7 -25.1 -27.8 -21.8 -29.9 -30.6 

Colloid 21 -41 -43.2 -35.7 -36.8 -44.2 -33.3 -34.5 -34.9 -36.3 -28.6 -28.6 -27.4 -31.6 -22.9 -30.1 -29.1 

Colloid 22 -38 -42.5 -39.2 -36.7 -31.9 -31.3 -34.6 -24.5 -23 -35.7 -24.4 -29.1 -29.5 -20.8 -28.4 -29.3 

Colloid 23 -51 -41.2 -38.2 -39.3 -32.7 -29.2 -32.3 -28.9 -25 -33.2 -30.4 -28.9 -36.5 -20.8 -29.9 -25.5 

Colloid 24 -42 -36 -36 -33.3 -33.7 -28 -39.9 -38 -32.9 -34.5 -32.5 -32.5 -39.8 -22.1 -28.4 -20.8 

Median -43 -41.7 -38.2 -35.6 -33.5 -32.8 -35.0 -31.9 -32.9 -30.1 -31.3 -29.4 -29.5 -25.5 -30.1 -28.6 
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Figure 3: Median ZP determination of as received MFT at 160 g 
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Figure 4: Median ZP determination of as received MFT at 630 g  
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Figure 5: Median ZP determination of as received MFT at 1420 g  
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Figure 6: Median ZP determination of as received MFT at 2550 g
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Table 9: Results from ZP (in mV) determination for centrifuged polymer modified MFT at 10 mg/L polymer dosage 

 g-Factor 160g 630g 1420g 2550g 

Time (min) 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20 

Colloid 1 -29.2 -31.2 -45.6 -38.6 -31.8 -33.5 -29.5 -23.8 -22.9 -16.2 -22.9 -26.9 -32.2 -31.5 -30.2 -22.9 

Colloid 2 -37.7 -24.7 -31.2 -27.3 -30.4 -28.9 -34.8 -19.7 -29.1 -19.2 -32.6 -26.6 -29.3 -38.5 -33.2 -25.6 

Colloid 3 -26.9 -34.7 -28 -34.2 -27.9 -26.3 -36.7 -29.5 -25.6 -23.9 -36.2 -21.5 -25.2 -27.4 -23.9 -23.1 

Colloid 4 -30.1 -40.5 -28.7 -37.2 -38.2 -28.3 -30.5 -23.3 -24 -31.2 -26.5 -28 -23.3 -35.9 -31.2 -25.5 

Colloid 5 -33.2 -30.2 -29.4 -23.4 -35.4 -35.8 -33 -20.2 -29.4 -21.5 -26.7 -29.8 -22 -36.7 -23.5 -26 

Colloid 6 -30.1 -40.9 -31.6 -41.6 -31.4 -30.2 -36.8 -26.6 -20.2 -26.8 -20.5 -29.1 -19.8 -33.3 -26.8 -29.9 

Colloid 7 -31.6 -41 -34.9 -36.2 -32.7 -33.7 -35.6 -25.5 -31.1 -22.5 -23.1 -20.9 -20.1 -27.7 -22.5 -24.7 

Colloid 8 -28.3 -34.5 -39.8 -25.6 -32.2 -31.1 -31 -23.2 -29 -24.7 -28.6 -23.1 -24.8 -37.2 -24.7 -23.2 

Colloid 9 -36.4 -21.3 -33.5 -43.6 -27 -30.2 -32.8 -21 -29.7 -19.9 -20.8 -29.5 -23 -35.8 -29.9 -25.6 

Colloid 10 -36.7 -33 -36.7 -39.8 -33.4 -32.8 -32.4 -22.5 -26.6 -24.5 -18.6 -25.8 -30.9 -25.8 -33.1 -28.1 

Colloid 11 -30.6 -46.9 -39.1 -28 -28.1 -34.4 -30.8 -21.6 -26.3 -32.4 -22.1 -26.1 -25.8 -33.4 -22.4 -29.8 

Colloid 12 -31.8 -29.7 -38.9 -41 -30.1 -29 -34 -24 -24.3 -23.4 -18 -31.5 -27.6 -24 -33.4 -31.2 

Colloid 13 -21.1 -28.6 -33.4 -35.5 -30.8 -36 -42.1 -27.1 -18.4 -30.9 -27.1 -20.1 -32 -27.1 -30.9 -35.6 

Colloid 14 -20.6 -37.2 -36.5 -31.8 -35.7 -34.9 -32.6 -26.7 -27.9 -32.4 -24.7 -25.4 -19 -26.7 -22.4 -29.8 

Colloid 15 -23.8 -33.8 -47.8 -28.3 -28.2 -31.1 -37.3 -20.9 -25.8 -27.2 -26.1 -26.9 -29.5 -20.9 -27.2 -25.6 

Colloid 16 -27.8 -25.4 -41.3 -30.7 -33.8 -34.8 -36.7 -29 -26.3 -26.4 -30 -21.5 -20.6 -29 -26.4 -29.9 

Colloid 17 -32.1 -32.3 -39.8 -36.4 -28.2 -25 -36.9 -27.5 -23.9 -25.4 -18.8 -22 -22.1 -27.5 -25.4 -31 

Colloid 18 -26.2 -35.6 -27.8 -28.4 -28.4 -32 -38.1 -31.1 -28.9 -31.4 -22.5 -21.2 -20.2 -31.1 -31.4 -29.1 

Colloid 19 -33.4 -26.5 -32.1 -25 -33.2 -31.2 -31.9 -17.6 -18.4 -35.7 -24.8 -21.7 -20.6 -35.3 -25.7 -21.1 

Colloid 20 -28.8 -21.3 -26.9 -31.1 -28.4 -30.1 -28.9 -19.6 -21.9 -18.5 -24.7 -23.2 -26.7 -27.1 -31.5 -23 

Colloid 21 -32.1 -34.5 -39.1 -33.2 -31.5 -26.7 -25.1 -19.2 -21 -21.4 -24.5 -21.2 -27.1 -29.8 -32.4 -24.5 

Colloid 22 -38.1 -31 -31.5 -31 -30.9 -28.9 -29.1 -21.7 -22.3 -18.9 -28 -21.8 -28.9 -28.7 -33.4 -26.7 

Colloid 23 -37.6 -37.8 -34.6 -35.2 -30.1 -21 -27.8 -22.5 -23.1 -20.6 -27.7 -19.8 -29.8 -31.2 -26.7 -24.7 

Colloid 24 -30.6 -33.1 -33.9 -33.2 -31.3 -27.9 -28 -22.9 -26.8 -21 -22.3 -21 -25.4 -29.6 -27.7 -26.7 

Median -30.6 -33.0 -34.3 -33.2 -31.1 -30.7 -32.7 -23.1 -25.7 -24.2 -24.7 -23.2 -25.3 -29.7 -27.5 -25.8 
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Figure 7: Median ZP determination of 10 mg/L polymer modified MFT at 160 g 
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Figure 8: Median ZP determination of 10 mg/L polymer modified MFT at 630 g  
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Figure 9: Median ZP determination of 10 mg/L polymer modified MFT at 1420 g  
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Figure 10: Median ZP determination of 10 mg/L polymer modified MFT at 2550 g  
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Table 10: Results from ZP (in mV) determination for centrifuged polymer modified MFT at 20 mg/L polymer dosage 

g-Factor 160g 630g 1420g 2550g 

Time (min) 5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20 

Colloid 1 -44.5 -39.1 -28.8 -31.9 -17.8 -17.9 -22 -23.8 -24 -26.8 -23.6 -21.4 -42.8 -30.5 -25 -33.6 

Colloid 2 -27.6 -36 -36.2 -31.2 -18.5 -24.7 -25.4 -19.7 -24.4 -24.6 -29.5 -28.8 -30.5 -27.6 -24.8 -27.8 

Colloid 3 -45.9 -34.4 -28.7 -36.9 -20.7 -24.4 -27.9 -19.5 -27.7 -23.3 -29.1 -21.3 -28.8 -27.6 -25.3 -31.9 

Colloid 4 -41.7 -43.6 -41.7 -28.7 -19 -19.7 -25.5 -23.3 -21.1 -24.1 -28.4 -26 -28.4 -27.6 -25.6 -32.2 

Colloid 5 -34.1 -37 -33.5 -33.9 -17.1 -23.6 -20.2 -20.2 -20.6 -24.5 -26.9 -27.4 -29.9 -24.3 -32.4 -36.6 

Colloid 6 -38.7 -36.8 -33.7 -31.6 -21.9 -19.8 -26 -26.6 -26.3 -21.1 -20.1 -29 -25.9 -29.4 -32.1 -27.2 

Colloid 7 -30.8 -38.4 -28.6 -34.9 -21.2 -24.5 -19.7 -25.5 -27.6 -27.7 -31 -25.2 -30.5 -28.9 -21.6 -32.4 

Colloid 8 -45.9 -31.4 -34.5 -32.1 -17.8 -25.1 -21.8 -23.2 -24.1 -23.4 -28.3 -26.4 -30.1 -24 -23.8 -24.4 

Colloid 9 -46.8 -41 -30.3 -33.5 -17.6 -16.7 -24.9 -21 -32.6 -20.8 -23 -21.5 -22.9 -24.6 -21.5 -24.5 

Colloid 10 -34.8 -36.3 -32.3 -36.7 -23.7 -20.3 -25.2 -22.5 -27.9 -29.2 -24 -28.1 -32.9 -27.2 -32 -26.4 

Colloid 11 -36.6 -34.6 -35.7 -39.1 -13.9 -21.7 -21.3 -21.6 -28.5 -27.1 -26.4 -20.2 -24.6 -24.2 -30.6 -30.1 

Colloid 12 -41.5 -34.9 -37.8 -39.1 -21.2 -21.5 -20.9 -24 -34.5 -25.2 -25 -27.7 -31 -26.7 -32.9 -29.9 

Colloid 13 -34.3 -38.5 -33.1 -33.4 -18.7 -19.5 -20.2 -21.1 -23.6 -26 -23.7 -24.7 -28 -26.1 -33 -23 

Colloid 14 -42.6 -37.6 -31 -36.5 -20.6 -21.7 -17.9 -21.9 -26.6 -19.5 -23.6 -24 -26.9 -26.4 -28.4 -23.2 

Colloid 15 -38.5 -32.9 -31.6 -41 -18.2 -20.7 -19 -20.9 -28.1 -27.5 -26.7 -22.9 -26.2 -22.6 -32.1 -27.4 

Colloid 16 -41.2 -37.8 -31.8 -41.3 -19.3 -19.9 -20.3 -29 -20.2 -21.3 -22.9 -24.9 -25.7 -20.8 -25.3 -28.5 

Colloid 17 -40.4 -35.2 -27.3 -39.8 -14.4 -15.5 -14 -27.5 -27.6 -21.7 -21.9 -27.6 -24.6 -24.3 -23.6 -28.2 

Colloid 18 -38.8 -39.7 -28.6 -27.8 -15.7 -22.6 -22.5 -21.1 -27.6 -23.3 -26 -23.9 -28.7 -23.7 -23.4 -23 

Colloid 19 -31 -32.3 -26.2 -32.1 -16.1 -24.1 -23.2 -17.6 -21.3 -21.5 -21.6 -27.2 -28.9 -18.3 -27 -30.1 

Colloid 20 -41.7 -39.4 -26.9 -26.9 -18.2 -18.1 -21.1 -19.6 -25.2 -25.2 -28.9 -19.8 -29.4 -21.1 -26 -31.7 

Colloid 21 -41.2 -34.5 -38.1 -37.9 -19.5 -17.8 -20.3 -19.2 -21.9 -22.3 -21.3 -22.2 -27.8 -28.5 -31.4 -26.3 

Colloid 22 -42.5 -37.2 -34.6 -31.5 -25.9 -15.9 -23.4 -21.7 -23.4 -26.1 -30.1 -24.9 -31 -22.3 -32.9 -21.1 

Colloid 23 -41.2 -32.3 -37.9 -34.6 -17.9 -17.2 -24.1 -22.5 -23.9 -23.6 -31.5 -18.1 -30.8 -27.5 -30.8 -22.5 

Colloid 24 -36 -39.9 -38 -33.9 -19.9 -16.4 -21.6 -22.9 -25.6 -24.3 -32.9 -19.1 -28.8 -20.9 -27.6 -26.4 

Median -40.8 -36.9 -32.7 -33.9 -18.6 -20.1 -21.7 -21.8 -25.4 -24.2 -26.2 -24.8 -28.8 -25.4 -27.3 -27.6 
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Figure 11: Median ZP determination of 20 mg/L polymer modified MFT at 160 g  
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Figure 12: Median ZP determination of 20 mg/L polymer modified MFT at 630 g  
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Figure 13: Median ZP determination of 20 mg/L polymer modified MFT at 1420 g  
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Figure 14: Median ZP determination of 20 mg/L polymer modified MFT at 2550 g  



APPENDIX 

 

 

103 

Sediment solids content calculation for centrifuge test 

 

Figure 15: Three distinct layers after centrifuge test 

 

Before centrifuge test, the total height (H) of the sample was monitored and measured. 

Considering unity for the specific gravity of water, initial void ratio (e) of the sample was 

estimated from the following equation: 

e = G;  ��4;
; �                                     [1] 

where,  

Gs = specific gravity of sample 

s = sediment solids content (%)       

After each of the centrifugation (for different g-factor and different runtime), the sample 

height (H-h3) was again measured and based on the changed height and the initial void 
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ratio, the void ratio for each of the trial after centrifuge was measured by the following 

relationship: 

 
��
� =  <4=>

<                   

Therefore,e� = e (<4 =>
<  )                                                                                                  [2] 

Putting the value of e1 in Equation (1), 

e ?H −  hC
H D =  G;  (1 − s

s * 

→ e*s (H-h3) = Gs (1-s)  

By rearranging this, the equation for the sediment solids content in centrifuge test was 

found as following:   

s =  H ∗ G;
H ∗ G; +  H ∗ e − hC ∗ e 
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g-factor calculation for centrifuge test 

g-factor = 
Centrifugal Force

FG�HIJ�JIK��L MKGN� 

  = 
OF
O# 

           =   
OP G

O#  

where, m = mass of a particle 

            G = centrifugal acceleration in m/s
2
 

ω = angular velocity in rad/s 

 r = radius of centrifuge in m 

 g = gravitational acceleration in m/s
2
 

Therefore, g-factor =   
P G

#  = 
(QR

S� * G
#  = 

TU VG/���
X.Y�∗CZ��  = 11.18*10 

-5
 R

2
*r 

          = 11.18 (0.001R)
 2 

r 

where, R = angular velocity in rpm 

 r = radius of centrifuge in cm 
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Centrifuge test and physicochemical test results 

Table 11: Centrifuge test and physicochemical test results for as received MFT 

Centrifuge Parameters Centrifuge Test Results Physicochemical Test Results 

g 

Factor 

Angular 

Velocity 

(rpm) 

Time 

(min) 

Sediment 

Height, 

h3 (mm) 

Void 

Ratio, e 

Solids 

Content, 

s (%) 

Released 

Water 

Height, 

h1 (mm) 

Entrapped 

Water 

Height, h2 

(mm) 

Released 

Water, 

h1/H (%) 

Entrapped 

Water, 

h2/H (%) 

pH ZP(mV) EC (µS/ 

cm) 

160 1000 

5 0 5.67 29.40 0 70 0.00 100.00 8.18 -43 3400 

10 0 5.67 29.40 0 70 0.00 100.00 8.09 -41.7 3330 

15 0 5.67 29.40 0 70 0.00 100.00 8.09 -38.15 3380 

20 0 5.67 29.40 0 70 0.00 100.00 8.01 -35.6 3100 

630 2000 

5 11 4.78 33.07 1 58 1.43 82.86 7.66 -33.5 3000 

10 11 4.78 33.07 1.1 57.9 1.57 82.71 7.67 -32.8 2950 

15 12 4.70 33.45 1.2 56.8 1.71 81.14 7.66 -35.05 2910 

20 13 4.61 33.84 1.3 55.7 1.86 79.57 7.79 -31.9 2800 

1420 3000 

5 14 4.53 34.23 1 55 1.43 78.57 7.58 -32.9 2700 

10 15 4.45 34.64 2 53 2.86 75.71 7.27 -30.1 2810 

15 16 4.37 35.06 2 52 2.86 74.29 7.46 -31.3 2770 

20 17 4.29 35.48 2 51 2.86 72.86 7.42 -29.35 2610 

2550 4000 

5 16 4.37 35.06 3 51 4.29 72.86 7.23 -29.5 2530 

10 17 4.29 35.48 3 50 4.29 71.43 7.18 -25.5 2650 

15 19 4.13 36.37 4 47 5.71 67.14 7.20 -30.1 2470 

20 19 4.13 36.37 4 47 5.71 67.14 7.11 -28.6 2410 
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Table 12: Centrifuge test and physicochemical test results for polymer modified MFT at 10 mg/L polymer dosage 

Centrifuge Parameters Centrifuge Test Results Physicochemical Test Results 

g 

Factor 

Angular 

Velocity 

(rpm) 

Time 

(min) 

Sediment 

Height, 

h3 (mm) 

Void 

Ratio, 

e 

Solids 

Content, 

s (%) 

Released 

Water 

Height, 

h1 (mm) 

Entrapped 

Water 

Height, h2 

(mm) 

Released 

Water, 

h1/H (%) 

Entrapped 

Water, 

h2/H (%) 

pH ZP(mV) EC (µS/ cm) 

160 1000 

5 8 5.02 31.98 0 62 0.00 88.57 8.15 -30.6 3350 

10 11 4.78 33.07 1.5 57.5 2.14 82.14 8.13 -33.05 3390 

15 15 4.45 34.64 2 53 2.86 75.71 8.15 -34.25 3460 

20 15 4.45 34.64 2.2 52.8 3.14 75.43 8.13 -33.2 3410 

630 2000 

5 25 3.64 39.31 6 39 8.57 55.71 7.90 -31.1 3180 

10 27 3.48 40.40 9 34 12.86 48.57 7.86 -30.65 3200 

15 28 3.40 40.97 11 31 15.71 44.29 7.63 -32.7 3190 

20 32 3.08 43.41 18 20 25.71 28.57 7.09 -23.05 2550 

1420 3000 

5 29 3.32 41.55 12 29 17.14 41.43 7.68 -25.7 2610 

10 30 3.24 42.15 14 26 20.00 37.14 7.18 -24.2 2490 

15 30 3.24 42.15 14 26 20.00 37.14 7.45 -24.7 2480 

20 31 3.16 42.77 15 24 21.43 34.29 7.11 -23.15 2630 

2525 4000 

5 27 3.48 40.40 10 33 14.29 47.14 7.86 -25.32 2710 

10 28 3.40 40.97 10 32 14.29 45.71 7.47 -29.68 2690 

15 26 3.56 39.85 9 35 12.86 50.00 7.63 -27.45 2710 

20 26 3.56 39.85 8 36 11.43 51.43 7.67 -25.8 2750 
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Table 13: Centrifuge test and physicochemical test results for polymer modified MFT at 20 mg/L polymer dosage 

Centrifuge Parameters Centrifuge Test Results Physicochemical Test Results 

g 

Factor 

Angular 

Velocity 

(rpm) 

Time 

(min) 

Sediment 

Height, 

h3 (mm) 

Void 

Ratio, 

e 

Solids 

Content, 

s (%) 

Released 

Water 

Height, 

h1 (mm) 

Entrapped 

Water 

Height, h2 

(mm) 

Released 

Water, 

h1/H (%) 

Entrapped 

Water, 

h2/H (%) 

ZP(mV) pH EC 

(µS/ 

cm) 

160 1000 

5 0 5.67 29.40 0 70 0.00 100.00 -40.8 8.15 3350 

10 8 5.02 31.98 1.5 60.5 2.14 86.43 -36.9 8.11 3390 

15 9 4.94 32.34 1.8 59.2 2.57 84.57 -32.7 8.03 3460 

20 9 4.94 32.34 1.8 59.2 2.57 84.57 -33.9 8.13 3410 

630 2000 

5 37 2.67 46.90 27 6 38.57 8.57 -18.6 7.02 2120 

10 36 2.75 46.16 23 11 32.86 15.71 -20.1 7.11 2200 

15 36 2.75 46.16 24 10 34.29 14.29 -21.7 7.18 2260 

20 36 2.75 46.16 22 12 31.43 17.14 -21.8 7.11 2190 

1420 3000 

5 33 3.00 44.07 21 16 30.00 22.86 -25.4 7.28 2310 

10 32 3.08 43.41 20 18 28.57 25.71 -24.2 7.54 2430 

15 31 3.16 42.77 20 19 28.57 27.14 -26.2 7.63 2630 

20 31 3.16 42.77 19 20 27.14 28.57 -24.8 7.54 2580 

2525 4000 

5 30 3.24 42.15 19 21 27.14 30.00 -28.8 7.41 2480 

10 28 3.40 40.97 15 27 21.43 38.57 -25.35 7.88 2630 

15 27 3.48 40.40 14 29 20.00 41.43 -27.3 8.00 2800 

20 27 3.48 40.40 14 29 20.00 41.43 -27.6 8.02 2610 
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