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ABSTRACT 

The accumulation of oil sands tailings poses serious environmental issues in Alberta, 

Canada. In the tailings ponds, the fine clays and residual bitumen form the so-called 

mature fine tailings (MFT) which contain 30~40 wt% fine solid particles primarily below 

44 µm in size, 1~3 wt% residual bitumen with the balance water. Without any physical or 

chemical treatment, the MFT remains as a stable suspension in tailings ponds indefinitely. 

Adding a polymer as a process aid to treat the oil sands tailings has been investigated for 

many years to cause fine solids to flocculate and thus accelerate dewatering. However, the 

performance of single polymer treatment is generally unsatisfactory. Recent studies in 

sewage treatment suggest that a dual polymer method, in which two different polymers 

are added in sequence, has a better flocculation performance. 

In this study, the use of dual polymer pairs in the flocculation and dewatering of MFT was 

investigated. A cationic polydiallyldimethylammonium chloride (polyDADMAC) polymer 

(Alcomer 7115, from BASF) and an anionic linear polyacrylamide polymer (A3335, from 

SNF) were found to be an effective combination in MFT dewatering treatment by 

filtration. The effects of polymer dosage, filtration pressure and the sequence of polymer 

addition were studied. Capillary suction time (CST) and specific resistance to filtration 

(SRF) were measured to evaluate the dewaterability of treated MFT. From the 

experimental data, MFT treated with the polymer combination of Alcomer 7115 and 

A3335 can give low CST results around 50 s, compared with around 3000 s of untreated 

MFT. Also the SRF was decreased from a magnitude of 1014 m/kg to 1012 ~ 1013 m/kg, 

indicating treated MFT being relatively much easier to dewater.  Cryogenic scanning 
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electron microscopic (Cryo-SEM) images of the treated MFT were taken to show the 

morphology of the MFT with or without treatment with either a single polymer or dual 

polymer pairs. The results demonstrated that the pore sizes are larger when the dual 

polymer pairs were used, implying higher dewaterability of MFT in this case.    
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1 Introduction 

1.1 Oil Sands in Alberta 

It has been proven that Alberta’s oil sands are the third-largest crude oil reserve in the 

world after Saudi Arabia and Venezuela [1]. Alberta’s oil sands are distributed under 

about 142,200 km2 of land in Athabasca, Cold Lake and Peace River areas in northern 

Alberta and contain about 1.7 trillion barrels of bitumen in place [2] [3] (Figure 1.1).  

 

Figure 1.1 Distribution of oil sands in northern Alberta [4]. 
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There are two different methods of producing oil from oil sands: open-pit mining and in-

situ methods. Open-pit mining is used to mine the oil sands that are close to the surface 

and the mined oil sands ores are treated by the hot water extraction process to recover 

the bitumen. In-situ methods produce bitumen that is deep-buried in the ground using 

specialized extraction techniques, such as steam-assisted gravity drainage (SAGD). 

Approximately 80% of Alberta’s oil sands are recoverable using in-situ production, while 

only 20% (which impacts only 3% of the surface area of the oil sands region [5]) can be 

recovered by mining [6]. 

From the first commercial production of oil from the Alberta oil sands in 1967, at about 

12,000 bbl/day [7], the production rate reached 1.9 million bbl/day in 2014 [8], and is 

expected to reach 5.3 million bbl/day by 2030 [9]. 

1.2 Oil Extraction Processes 

Oil sands are a natural mixture of sands, clay, various minerals, water and bitumen. It is 

believed that the sand grains in oil sands are surrounded by a layer of water and a film of 

bitumen. The bitumen content of Alberta oil sands ranges from 0 to 19 wt%, with an 

average content of 12 wt%. The content of water ranges from 3 to 13 wt% depending on 

the types of oil sands ores. The balance of the oil sands mass are mineral materials, which 

are mainly quartz, silts and clay [10]. The structure of Alberta oil sands makes the bitumen 

in the oil sands extractable by the Clark hot water extraction (CHWE) process. Nowadays, 

the typical operating slurry temperature is about 40~55°C [11]. 

In the open-pit mining operation, the oil sands are mined using shovels and trucks. The 

mined oil sands are crushed and mixed with caustic (NaOH) warm water to liberate the 
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bitumen from the sands/clays. Vigorous mechanical mixing as well as long 

hydrotransport pipelines are utilized, resulting in further lump size reduction. Bitumen 

is released from sand grains during mixing or inside hydrotransport pipelines. After air is 

introduced, air bubbles attach to bitumen. The aerated bitumen floats to the top and 

forms bitumen froth. Then the bitumen froth is skimmed off from the slurry in primary 

separation vessels (PSV). Small amount of bitumen droplets, which is usually un-aerated 

and remaining in the slurry, is further recovered by induced air flotation in mechanical 

floatation cells and tails oil recovery vessels, or cyclo-separators [12]. The process is 

shown in Figure 1.2. A typical overall bitumen recovery in commercial operations is about 

88~95 %.  

 

Figure 1.2 Schematic flowsheet of hot water extraction process for oil sands. 

The bitumen froth normally contains 60 wt% bitumen, 30 wt% water and 10 wt% solids 

[11]. After de-aeration, the bitumen froth is mixed with solvents to obtain a sufficient 
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density difference between water and bitumen as well as to reduce the viscosity of 

bitumen. This expedites the separation of water and solids from bitumen using inclined 

plate settlers, cyclones or centrifuges. The clean mixture of diluent and bitumen is then 

sent to upgraders. 

1.3 Oil Sands Tailings 

1.3.1 Compositions and Properties of Oil Sands Tailings 

After bitumen extraction, the remaining mixture of water, coarse sands, fine clays and 

residual bitumen is defined as tailings and discharged into tailing ponds for solid-liquid 

separation. During separation, the clarified water can be recycled from the pond and used 

in the extraction circuit. Coarse sand particles precipitate quickly and form beaches, while 

remaining fine tails with a solids content of 6~10 wt% accumulate in the tailing ponds. 

Those fine tails settle quickly to 20 wt% solid, and reach 30 wt% over a few years, which 

is the so-called mature fine tailings (MFT).  

MFT contains 30~40 wt% of fine solids with a diameter below 44 µm, and 1-3 wt% of 

residual bitumen, with balance water. It will remain in a fluid state for decades because 

of its extremely slow consolidation rate [13], which is mainly caused by the stable gel-like 

structure.  

1.3.2 Environmental Issues Posed by Mature Fine Tailings 

With the high production rate of bitumen, the accumulation of tailings requires large area 

tailing ponds, which has a detrimental impact on landscape. This is a concern because 

currently there is no technology to reclaim the tailings. About 1.5 barrels of MFT are 
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accumulated in tailings ponds per barrel of bitumen produced [14]. Up to now, the 

existing tailings ponds occupied 176 km2 (67 mi2)  land in northern Alberta [15]. And in 

the next few decades, due to the anticipated increase in production rate, the accumulation 

of MFT is expected to grow at an increasing rate. 

Besides the impact to landscape, a more serious problem is the environmental pollution 

it caused. The toxic materials contained in the tailings, including naphthenic acids, 

polycyclic aromatic hydrocarbons, phenolic compounds, ammonia, mercury and other 

trace metals [16], pose risks to wildlife and aquatic organisms. Moreover, the pollutants 

reported to be emitted from oil sands tailings ponds, volatile organic compounds (VOCs), 

greenhouse gases (including carbon dioxide (CO2) and methane (CH4)), and reduced 

sulfur compounds (RSCs) (including hydrogen sulfide (H2S)) [17], can react near the 

ponds to produce secondary pollutants or can be transported further away [18]. The effect 

of those pollutants are still largely unknown. However, more and more investigation 

indicate that those pollutants are fatal to surrounding living organisms.  

In addition, 2~3 m3 water are needed to produce every one barrel of bitumen. Due to the 

current rate of bitumen production, the demand of water is massive. Current tailings 

treatment technologies allow the recycle of about 75% of the process water, so that 25% 

of the required water is still drawn from fresh water supply, which amounts to 0.5~0.75 

m3 (or about 3~5 barrels) per barrel of produced bitumen [19]. Therefore, the treatment 

of mature fine tailings is required so that the large amount of water held by it can be 

released and then reused, with a target of potentially 100% water recycle.  
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1.4 Objectives of Research and Description of Thesis 

1.4.1 Objectives of Research 

It is hypothesized that dual-polymer treatment for mature fine tailings is more effective 

than current single-polymer treatment. The objective of this thesis is to seek polymer 

pairs to assess the dewatering effect in dual-polymer treatment, as well as to convert fluid 

MFT into stackable solids through dual-polymer treatment and filtration methods. 

1.4.2 Hypothesis of Mechanism for Dual-polymer Treatment  

The addition of polymer flocculants/coagulants to an aqueous suspension of solid 

particles would lead to the formation of connected aggregate structures of many particles 

(flocs) by polymer bridging/charge neutralization. The formation of the flocs with porous 

structure will benefit dewatering [20] [21]. The idea of dual polymer treatment is to take 

advantage of interaction of two different polymers thus to obtain flocs of MFT with higher 

porosity and suitable mechanical strength, which allows easier water removal. The 

working mechanism of dual-polymer treatment for MFT was hypothesized as shown in 

Figure 1.3. 

 

Figure 1.3 Schematics of dual-polymer treatment mechanism. 
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The addition of the first chemical would bring fine particles together and form small flocs. 

With the addition of the second chemical, it would further aggregate the fine particles as 

well as those small flocs into larger flocs, forming porous structure. And the pores can be 

considered as water channels during dewatering (filtration) process. Therefore, larger 

pore size would lead to better filterability of MFT. 

1.4.3 Description of Thesis 

The idea of dual-polymer treatment was inspired by sewage treatment technologies. 

Recent studies in sewage treatment suggest that a dual polymer method has a better 

flocculation performance and leads to better water clarity in dewatering treatment of 

wastewater. As the current single polymer treatment for MFT is not satisfactory, and as 

there are many similarities between sewage treatment and MFT treatment, dual-polymer 

treatment is investigated for MFT dewatering. 

Performance parameters such as capillary suction time (CST) and specific resistance to 

filtration (SRF) that are used to evaluate dewatering performance in wastewater 

treatment are adopted to assess the dewaterability of MFT. A series of experiments were 

conducted to justify the usability of those parameters to indicate the dewaterability of 

MFT.  

Polymer treatment is actually a process of flocculation. A key factor of flocculation is 

mixing, which is mainly affected by stirring time, stirring speed, the type of impellers used 

as well as the ratio of impeller diameter to container diameter. Based on the 

understanding of flocculation and preliminary experimental results, a general procedure 
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for dual polymer treatment was developed, which was found to be most effective under 

our lab conditions.  

Different combinations of chemicals were tested until a polymer pair, consisting of a 

cationic polyDADMAC polymer (Alcomer 7115, from BASF) and an anionic linear 

polyacrylamide polymer (A3335, from SNF), was found which gave best dewaterability of 

MFT. Based on these two polymers, a series of experiments were conducted to find an 

optimum dosage for the treatment. Filtration tests were carried out after the treatment to 

remove water and to increase the final solid content of filter cakes, as well as to study the 

specific resistance of treated MFT. The highest solid content in the MFT after filtration is 

around 64 wt%, which is higher than that obtained using other MFT treatment 

technologies. Filtration tests assisted by pressure and vacuum were compared to further 

understand the dewatering effect of dual polymer treatment. Cryogenic scanning electron 

microscopic (cryo-SEM) images were obtained to visualize the structure of MFT as well 

as single-polymer and dual-polymer treated MFT, to verify the validity of proposed 

mechanism for dual-polymer treatment. 

Based on the phenomena observed during polymer treatment experiments and filtration 

tests, other specific types of polymers (α-cellulose, geopolymers, chitin, etc.) were 

investigated aiming at obtaining higher solid contents in treated MFT. 
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2 Literature Review 

2.1 High Water Holding Capacity of MFT 

As mentioned in introduction, MFT is a stable suspension with 1~3 wt% residual bitumen, 

30~40 wt% fine particles with the remainder being water. Therefore, around 60~70 wt% 

of the mass of MFT is trapped water, which suggests that MFT has a high water holding 

capacity. And this can be attributed to several reasons, outlined in the following. 

2.1.1 The Effect of Ultrafine Solids  

Numerous research attributed this high water holding capacity of MFT to the presence of 

ultrafine solids (<0.3 µm) [22]–[24]. There are two major types of ultrafine solids 

contained in MFT: hydrophilic ultrafine solids (HUS) and biwetted ultrafine solids (BUS). 

Both of these two types of ultrafine solids are responsible for the stable gel formation in 

MFT. The BUS are associated with various amount of strongly bounded organic material 

(SOM). Biwetted particles seem to aggregate rapidly in dilute suspensions in electrolyte 

solutions, as the settlement of sludge below 6 wt% solids is rapid. But they enhance the 

gel-forming propensity in concentrated suspensions---once the solids content rises above 

30 wt% the gel-structure is difficult to break [25]. However, it has been found that the 

presence of ultrafine particles of appropriate sizes is a necessary but not adequate 

condition for the formation of MFT [26].  
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2.1.2 The Effect of Residual Bitumen 

In earlier studies, SEM images were presented to show that bitumen existed in the MFT 

as free droplets of 1~10 µm in diameter. Researchers found that some of those droplets 

also contaminate the edges of clays, which may contribute to the stability and high water 

holding capacity of MFT structure. Moreover it has been found that the presence of 

residual bitumen can be detrimental to the hydraulic conductivity of MFT [27] [28], since 

free bitumen droplets can block the pores between particles, thus trapping water inside 

and hindering the consolidation of MFT (Figure 2.1). 

 

Figure 2.1 Effect of bitumen on particle settlement and permeability [27]. 



 

11 
 

In other studies, it was believed that the stable structure is due to the presence of water-

soluble asphaltic acids in the bitumen, which act as clay dispersants [10].  

2.1.3 Summary  

Both ultrafine solids and residual bitumen play an important role in the formation of 

stable gel-like structure of MFT. However, at present, the distributions of clay particles or 

ultrafine solids, the nature of the organics, and the effect of residual bitumen are poorly 

understood. Hence, findings suggest that the stability and high water retention of MFT is 

due to the combined effects of the presence of fine solids and the effect of residual bitumen 

[29]. Further investigation is required to find out which factor(s) played a more 

significant role. 

2.2 Current Technologies for Tailings Treatment 

Due to those serious environmental issues the oil sands tailings brought forth, 

technologies aiming to reduce tailings volumes are investigated. Over the last few decades, 

significant efforts have been made to develop effective technologies to dewater and 

consolidate oil sands tailings [10] [30], which led to the exploitation of many methods for 

the treatment of tailings.  Several major technologies are discussed in the following 

sections. 

2.2.1 Natural Process 

During natural process, tailings are pumped into tailings ponds directly to be densified 

by gravitational consolidation and sedimentation. Therefore this processing method is 

also called sedimentation or consolidation. After separating solids from tailings stream, 
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the supernatant is recycled to the extraction process. Natural processing method is low-

cost. However, large areas of land are required to treat large quantities of tailings. 

Furthermore, this technology accepts that the MFT will consolidate over a very long time 

period in the order of hundreds of year. As a consequence, natural methods can hardly 

solve MFT problem considering current situations. 

2.2.2 Composite Tailings (CT)/ Non-segregating Tailings (NST) 

Composite/consolidated tailings process involves mixing coarse sands and coagulant 

(commonly used coagulant is gypsum) with MFT to generate non-segregating tailings 

which can be pumped to ponds. In several years, the fines consolidate and a soft deposit 

is formed. The main factors that affect the formation of non-segregating tailings are, 

contents of fine solids, mineralogy, water chemistry and particle size distribution [31]. 

For one cubic meter of MFT, after mixed with certain volume of coarse sands, it generates 

about 2.2 m3 (contains about 57 wt% solids) of fresh CT. And after the process, it can be 

consolidated to 1.2 m3 (contains about 80 wt% solids) of CT deposit [32]. This technology 

densifies MFT to a relatively high solid content in a reasonable time. However, a few 

challenges still remain to be overcome before it can be put in wide industrial application. 

Firstly, there is insufficient sand to treat all MFT with CT process. Secondly, CT remains 

to be fluid so tailings dams are still required. Moreover, the water released from this 

process is detrimental to bitumen recovery when recycled back to extraction process, as 

the addition of gypsum increases the calcium ion content in recycled water [33]. 
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2.2.3 Thickened Tailings/Paste Technology 

In thickened tailings process, both the extraction fine tails and beach run-off streams are 

introduced into a process vessels called thickeners, as showed in Figure 2.2.  

 

Figure 2.2 Schematic flowsheet of Thickened Tailings Disposal Concept [34]. 

During the operation chemicals are added to coagulate/flocculate fine particles into larger 

particles in order to enhance gravity settling of solids in water, thus increasing the density 

of bottom flow of the thickener. High molecular weight, medium charge anionic polymers, 

such as partially hydrolyzed polyacrylamide (for example: Percol 727, Percol 336) have 

been used for flocculating fine particles and have shown good results on dewatering of 

MFT [34].   

The underflow contains most of the coarse sand, and most of water carrying most of fines 

goes to the overflow. Clarified water from the thickener is recycled back to extraction for 
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re-use. The target of thickener operation is to densify tailings to a solid content of 45~55 

wt%, and pumped to store behind engineered containment [35]. Slurry density obtained 

from normal practice is about 30 wt% solids, and with the addition of sands a higher 

density can be obtained [32]. The advantages of this technology are that the rapidly 

released processed water can be reused immediately in the extraction process, and it 

shortens the time of gravity settling from years to half an hour. However, the thickened 

tailings process/paste technology has not been applied to treating MFT. 

2.2.4 Emerging Technologies for Tailings Treatment 

As the limitations of CT technologies are more and more noticeable, and the legacy MFT 

continues to grow, new technologies are studied. They focus on solidifying fine tailings 

directly, without making mixtures of fines and coarse sands before treatment.  

One of those technologies is in-line thickening with thin lift dewatering, which involves 

in-line treatment of MFT using an anionic polyacrylamide flocculant, followed by thin 

layer deposition [32] [35] [36]. A significant disadvantage of this method is that after a 

layer reached a certain solid content, it needs to be removed from the surface and 

transported to another deposition point, which adds complexity and extra cost to the 

process. Also, very large areas are required to operate the thin-lift drying process. 

Centrifugation is another technology in development for MFT treatment [35]–[37]. 

Before processing, MFT is required to be diluted to a certain concentration, then the 

diluted MFT is mixed with a polyacrylamide solution before feeding into a centrifuge. The 

“cake” after centrifuge can reach a solid content of 55~60 wt%. Although the separation 

forces is thousands of times higher than gravitational force, the high cost of this process 
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makes it less attractive. Besides, testing at full scale is needed to properly evaluate the 

potential of this technology.  

2.2.5 Summary 

Each of those technologies, conventional or new, has certain advantages. However, up to 

now, no technologies are proven to be effective in converting fluid mature fine tailings 

into stackable tailings. Furthermore, most of the technologies involved in using flocculent 

to bring fine particles together. Nevertheless, to achieve a good flocculation of MFT, the 

MFT needs to be diluted first, which significantly limited the overall applicability of those 

technologies. 

2.3 Flocculation   

Through the studies of the properties and structure of MFT, as well as tailings treatment 

practice, clay particles (fine particles) are always found to be among the crucial factors 

affecting the dewaterability of MFT. The addition of a flocculant not only becomes a major 

process in most technologies for tailings treatment, but it is also widely used in minerals 

industry, pulp and paper industry and wastewater treatment. Commonly used flocculants 

include cationic, anionic and non-ionic organic macromolecules [38].  

2.3.1 Mechanisms of Flocculation 

There are three major mechanisms for flocculation brought about by adding flocculants: 

1) bridging, 2) charge neutralization, 3) electrostatic patch models [39]. During bridging 

flocculation, the loops and tails of a polymer molecule are attached to more than one 

particles/aggregates, thus bringing them together to form large aggregates, as shown in 
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Figure 2.3 (a). Therefore, high molecular weight of the used polymer is required so that 

segments of the polymer are long enough to pass the electrostatic barrier of the particles. 

Charge neutralization mechanism acts on particles by reducing their electric double layer 

repulsion due to adsorption of highly charged polyelectrolytes on particles carrying 

opposite charges. The electrostatic patch flocculation is caused when polymers of very 

high charge density interact with oppositely charged particles of low charge density. Thus 

the net residual charge of polymer patch on one particle can attach to the bare part of 

another particle oppositely charged, as shown in Figure 2.3 (b).  

 

Figure 2.3 Schematics of a).bridging mechanism b).electrostatic patch 

models. 

2.3.2 Stages of Flocculation Processes 

The addition of polymers to a suspension is to destabilize the suspension by forming large 

aggregates thus to separate solids from liquid. The flocculation process usually involves 

following stages [40]: 

1) Mixing of the polymer molecules with particles. 
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2) Attachment of polymer chains on particles (adsorption). 

3) Re-conformation of the attached chains from their initial state to an eventual 

equilibrium. 

4) Flocculation of particles either by bridging or by charge effects. 

5) Break-up of flocs. 

The stages of the flocculation process are shown in Figure 2.4.  

 

 

Figure 2.4 Schematics of flocculation with adsorbed polymers. 

In practice, these stages do not necessarily happen in a certain sequence, and they can 

happen simultaneously and are often competing against each other. This makes the 

flocculation process complicated and difficult to analyze directly. Therefore, it is 

important to understand the flocculation mechanisms and study the key factors that have 

significant influence on each stage. One of the most crucial factors among those is the 

time period each stage undergoes. Other factors such as mixing, polymer molecular 

1) Mixing 2) Adsorption 

3) Re-conformation 

4) Bridging 5) Break-up 

Re-conformation Collisions 
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weight, polymer concentration, background electrolyte concentration and particle 

concentration [41], are important for flocculation too. 

2.3.3 Effect of Mixing 

Due to their high molecular weight, polymer flocculants usually form very viscous stock 

solutions. Proper mixing is required to disperse such solutions uniformly into suspension 

rapidly, and to induce collisions between particles and polymer molecules. Inadequate 

mixing causes a local overdose of the polymers, resulting in steric stabilization which is 

thought to be the origin of residual haze and poor filterability in flocculated suspensions 

[42], also it does not allow flocs to grow sufficiently large in the time period available. On 

the other hand, excessive agitation causes breakage of flocs, leading to a reduction of 

possible maximum floc sizes [43]. It is interesting to note that some studies indicated that 

certain degree of floc breakage can in fact improve the dewaterability of MFT [44]. Clearly, 

for each individual system, there appears to be an optimum mixing scheme (time and 

intensity) [45] [46].  

2.3.4 Effect of Polymer Dosages and Molecular Weight  

Polymer dosage has a direct effect on the final size and structure of flocs, thus determines 

the dewaterability to some degree. A low polymer dosage may not be sufficient to bridge 

fine particles to form flocs (adsorption). While an excessive polymer dosage may cause 

steric stabilization of the particles. Only the optimum dosage of polymer will give a best 

polymer adsorption rate, which corresponds to optimum flocculation, as shown in Figure 

2.5. The optimum flocculation occurs when the flocculant dosage is such that it causes 

less than complete coverage of particles. This is because the incomplete surface coverage 
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ensures that there are unoccupied surface sites for polymer adsorption during collision 

[47].  

 

Figure 2.5 Schematics of flocculation rate of polymers 1. “Optimum” 

polymer dosage with dilute suspension; 2. Higher than optimum dosage 

with dilute suspension; 3. Sub-optimal dosage with concentrated suspension 

[40]. 

For bridging flocculation, higher molecular weight is advantageous, as the molecules are 

large enough to extend beyond the range of electrostatic repulsion and to reach particles, 

which makes it easier for polymer adsorption [48]. Also, high molecular weight 

flocculants can link more particles together, leading to larger flocs. It was found that the 

collision frequency will be higher for larger particles [49]. As a result, relatively larger 

particles tend to be flocculated more readily than smaller particles, leaving the latter 

suspended, which leads to high supernatant turbidity after sedimentation. Further 

investigation found that a sequential addition of low and high molecular weight polymers 

provides best results for flocculation as well as high clarity of supernatant [50]. 
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2.3.5 Conformation of Adsorbed Polymers 

Once polymers are adsorbed, they can re-conform on the particle surface. The re-

conformation depends on the polymer-particle interaction (Figure 2.6). If the polymer 

has a flat conformation, it may not extend far enough from the particle surface to bridge 

with particles. A flat conformation can also block further polymer adsorption thus hinder 

the overall flocculation process [51]. A study found that the adsorption of anionic 

polyacrylamide on the alumina surface is in a flat conformation initially, but over time, as 

more polymers are adsorbed, the conformation becomes more extended. This is due to 

the repulsion force between polymer molecules [52]. Another study carried out on 

kaolinite showed that particles bridged by polymers with higher charge density have 

smaller polymer “loops” and “tails”, while the particles flocculated by lower charge density 

polymers have further extended “loops” and “tails” [53]. The latter produces larger flocs 

and allows a faster settling rate. Possible conformations of polymer molecules adsorbed 

at solid/water interface are showed in Figure 2.6.  
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Figure 2.6 Possible conformations of polymer molecules adsorbed at 

solid/water interface: (A) single point attachment (weak binding); (B) loop 

adsorption; (C) flat multiple site attachment (strong adsorption); (D) 

random coil (high molecular weight polymers); (E) non-uniform segment 

distribution; and (F) multilayer adsorption [52]. 

2.3.6 Summary 

Flocculation in practice is a complicated process involving many sub-steps. These sub-

steps do not necessarily occur in sequence but are simultaneous and competing with each 

other. Moreover, flocculation process cannot be analyzed directly. Parameters used to 

monitor the process are usually indirect measurements. As a result, the choice of 

polymers in any particular application is largely an arts rather than science [54].  

2.4 Current Development of Polymer Treatment of MFT 

Most MFT treatment studies or practices involve the use of one additive and/or dilution. 

Problems associated with water recycling and further consolidation of the fluid fine 

tailings limit the implementation of those technologies on an industrial scale. Therefore, 



 

22 
 

new and emerging technologies are aimed at treating MFT without dilution or any pre-

processing.  

2.4.1 Polymers Used in MFT Treatment   

Various polymers, both natural and synthetic, have been tested as flocculants to treat 

MFT. Biopolymers, mainly polysaccharides, are usually biodegradable, non-toxic, and 

shear-stable [55]. Also another big advantage of biopolymer is that they have very wide 

sources and of low cost. However, compared to natural polymers, synthetic polymers are 

much more effective in flocculation applications due to the fact that they can be tailored 

according to the needs of the applications [56]. Among synthetic polymers, those 

commonly used ones are poly(ethylene oxide) in the nonionic category, 

poly(diallyldimethylammoniumchloride) or in short polyDADMAC in the cationic 

category, as well as polyacrylamide and poly(styrenic sulfonic acid) in the anionic 

category [56]. Polyacrylamide can be easily hydrolyzed resulting in anionic charge. It is 

well known that polyacrylamide and its copolymers are used as good flocculants in 

mineral and pulp & paper industry. Nevertheless, a drawback of polyacrylamide is that it 

can be easily degraded by shear.  

The study in this thesis is mainly based on the use of two synthetic polymers: A cationic 

polydiallyldimethylammonium chloride (polyDADMAC) polymer Alcomer 7115 and an 

anionic linear polyacrylamide polymer A3335, which were found to be very effective in 

MFT treatment. 
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2.4.2 Modification of Single Polymer Flocculation for MFT 

Most of the studies on MFT treatment were focusing on single polymer treatment [19], 

[57]–[59]. Conventional single polymer treatment is not effective for tailings with high 

fines content such as MFT. Derived from sewage treatment, recent studies suggest that a 

dual polymer method, in which two different polymers are added in sequence, has a better 

flocculation performance and leads to better water clarity in dewatering treatment [60] 

[61]. It has been shown that the use of a combination of low and high molecular weight 

polymers gives better dewatering characteristics of aerobically digested activated sludge 

[61]. Data in the literature also suggested that dual-polymer flocculants of opposite charge 

give a higher final solid content of filter cake compared to dual flocculants of like charge 

[62]. 

In consideration of the similarities between wastewater treatment and fine tailings 

treatment, the dual polymer treatment method is investigated for oil sands tailings. A 

novel study from Syncrude [50] investigated the use of combinations of coagulation (C) 

and flocculation (F) for diluted fine tailings treatment. In most studies, the term 

coagulation and flocculation are used interchangeably. Here, coagulation refers to charge 

neutralization process while flocculation indicates bridging process. The researchers from 

Syncrude conducted experiments on a coagulation process followed by a flocculation and 

then again by a coagulation (denoted as CFC), to compare with a flocculation process 

followed by a coagulation stage and then again a flocculation (FCF), as well as to 

flocculation process followed only by a coagulation stage (FC). Their results showed that 

the FCF sequence gave large final floc size, resulting in fast initial settling rates.  
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2.4.3 Summary 

Although there are a few reported studies on using dual polymers in dewatering, the 

majority of them have been empirical studies. The mechanisms of the complicated dual-

polymer treatment system are not well understood. In the case of MFT, almost no 

systematic investigation was conducted to thoroughly assess the dewatering effect of dual 

polymers on undiluted MFT.   

 

 

 

 

 

 

 

 



 

25 
 

3 Materials and Methods 

3.1 MFT Samples and Reagents 

3.1.1 MFT Samples 

The MFT sample used in this study was collected in 2010 from the same depth of a same 

Syncrude tailings pond, and packed in different buckets. The MFT in each bucket was 

homogenized with a Makita 6013BR hand-held agitator before sub-sampling to smaller 

buckets (around 550 g MFT in each small buckets) for experiments. The MFT sample was 

analyzed by Dean-Stark extraction and was found to contain 35.6 wt% solids, 2.7 wt% 

bitumen and 61.7 wt% water. Quantitative X-Ray Diffraction (QXRD) analysis shows that 

it consists of 27.4 wt% quartz, 2.6 wt% K-feldspar, 3.2 wt% siderite, 36.0 wt% kaolinite 

and 30.7 wt% illite. Also the particle size distribution is characterized by volume 

distribution using Mastersizer 3000: the volume median diameter (Dv50) is 7.4 µm, 10 % 

of distribution of fine particles that are smaller than 1.3 µm, and 90 % of distribution of 

them are smaller than 35.1 µm. 

3.1.2 Reagents 

Different pairs of chemicals were tested, as shown in Table 3.1. Sodium dodecyl sulfate, 

sodium dodecyl benzenesulfonate and sodium lignosulfonate are from Sigma-Aldrich and 

are of reagent grade; Alcomer 7115 and Magnafloc series (Magnafloc 5250, Magnafloc 156 

and Magnafloc 336) are from BASF; A3335 is from SNF provided by Imperial Oil; Lignin 

is from West Fraser Mills; Cellulose nanocrystals are from AITF and Celquat is from Akzo 

Nobel. All these polymer samples are commercial grades.  
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Other reagents with a potential to improve the dewaterability of MFT treated with this 

combination (Alcomer 7115 and A3335) were tested as well. Among those reagents, α-

Cellulose and Chitin powder is from Sigma-Aldrich, the latter is of practical grade; sodium 

silicate is manufactured by Fisher Scientific and of technical grade; sodium hydroxide is 

from Fisher Scientific and of ACS reagent grade; sporosarcina pasteurii bacteria solutions 

were provided by Civil and Environmental Engineering, University of Alberta.  

Table 3.1 Chemicals tested 

Chemical A Chemical B 

― 
Anionic polyacrylamide polymers 

(Magnafloc series)  
(MW: 15-22 million g/mol) 

Sodium dodecyl sulfate  

Anionic linear polyacrylamide 
polymer (A3335)  

(MW:17 million g/mol) 

Sodium dodecyl benzenesulfonate  

Lignin 

Sodium lignosulfonate  

Cellulose nanocrystals  

Cationic Cellulose derivatives (Celquat)  
(MW: 50,000 – 90,000 g/mol) 

Cationic polyDADMAC polymers (Alcomer 
7115) (MW: 200, 000 - 400,000 g/mol) 

The typical procedure was to add the chemicals (polymers) with a lower molecular weight 

(MW) to generate small flocs, followed by the high MW polymers. Of all the combinations 

of chemicals listed above, a polymer pair of Alcomer 7115 and A3335 was found to give 

the best dewatering performance of MFT, in terms of CST and net water release.  For 

comparison purposes, in later tests, the addition sequence of the Alcomer 7115 and A3335 
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was changed to observe any possible benefits. In this thesis, the dual-polymer treatment 

description was mostly specifically focused to MFT treated with Alcomer 7115 and A3335.  

3.2 Equipment 

3.2.1 Flocculation System 

Polymer treatment (flocculation) tests were conducted using a Heidolph RZR 2052 

control overhead stirrer, with a pitch blade turbine (PBT) impeller, and a 2 L beaker 

(detailed description of why PBT impeller and 2 L beaker were chosen is in Appendix A). 

An adjustable stand was used to support the beaker in order to adjust the distance 

between impeller and the bottom of the beaker, which was set to 2.5 cm. The overhead 

stirrer was connected through a USB cable to a computer where the Watch & Control 

software was installed. The stirring speed can be adjusted, and both the stirring speed and 

the torque can be monitored through the software interface. The equipment used for the 

flocculation test is shown in Figure 3.1.   

      

Figure 3.1 Equipment for flocculation tests. 

1.  Overhead Stirrer 

2.  Pitch Blade Turbine impeller 

3. 2 L Beaker 

4. Adjustable Stand 

5. PC interface 
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In a typical flocculation test, 500 g MFT was introduced to the 2 L beaker. The adjustable 

stand was then raised so that the impeller was at a fixed position of 25 mm from the 

bottom of the beaker. The stirrer was then started after setting it to a desired rpm. 

Changes in torque and stirring speed with time are monitored and recorded by the 

software throughout the treatment process. 

3.2.2 Pressure Filtration System 

A small amount of flocculant treated MFT sample was taken for CST measurements. The 

remaining treated MFT sample was then transferred into a filtration system. The filter 

paper for both pressure and vacuum filtration was Millipore 142 mm diameter 

hydrophilic glass fiber filter paper with a 0.7 µm pore size. The pressure filtration system 

is shown in Figure 3.2. The filter is connected to a compressed air line, which provides the 

designed pressure by applying compressed air on the surface of treated MFT. A beaker 

was placed beneath the bottom drain (the adjustment of the bottom drain is described in 

Appendix B), and the weight of the beaker was monitored by a weighing scale which was 

connected to a computer. A Balance Link software installed in the computer recorded the 

weight reading every 15 seconds. The data could be exported to a data analysis and 

plotting software (such as Origin) for analysis.  
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Figure 3.2 Schematic drawing of pressure filtration system. 

3.2.3 Vacuum Filtration System 

The setup of the vacuum filtration system is shown in Figure 3.3. A porcelain Buchner 

funnel, used to hold MFT, was held by a steel frame. Filter paper was cut to fit the area of 

the funnel. A graduated cylinder was placed underneath the funnel. A rubber stopper was 

used to seal the joint. As shown in Figure 3.3, the graduated cylinder was connected to a 

condensation trap, which was connected to a vacuum pump. After introducing treated 

MFT into the funnel, two layers of lab parafilms were used to close the opening of the 

funnel to avoid evaporation. Filtrate volume was read every 1 min for the first 30 min of 

filtration, and every 5 min afterwards. 

1. Bolt 

2. Pressure Release Valve 

3. Pressure Regulator 

4. Container 

5. Weighing Scale 

6. Filter Paper 

7. Compressed Air 

8. Drain 
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Figure 3.3 Schematic drawing of vacuum filtration system. 

After filtration, the wet filter cakes were weighed immediately, and then transferred to a 

VWR Symphony vacuum oven to dry. The drying process lasted around 12 hours at a 

temperature of 75°C and under a vacuum pressure of 80 kPa. The solid content of the 

filter cake is calculated from the dry and wet weight of the filter cake:  

Solid content = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝐷𝑟𝑦 𝐶𝑎𝑘𝑒 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑊𝑒𝑡 𝐶𝑎𝑘𝑒
× 100%                (3.1) 

3.3 Evaluation Methodologies  

3.3.1 Capillary Suction Time (CST) 

The measurement of capillary suction time (CST) was developed by Gale and Baskerville 

[63] to study the filterability of sewage sludge.  This technique had been adopted in 

sewage treatment gradually [64] since CST test was considered to be an easy and quick 

method to determine sewage dewaterability [65]. CST measurements have also been used 

1. Porcelain Funnel 

2. Rubber Stopper 

3. Graduate Cylinder 

4. Condensation trap 

5. Vacuum Pump 
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in assessing dewaterability of other sludge [66] [67]. It is one of the most commonly used 

tests to determine sludge dewaterability [68]. 

The CST apparatus used was type 319 multi-purpose CST with 5 single radius test heads 

from Triton Electronics Ltd, as shown in Figure 3.4. The apparatus consists of two 

transparent perspex plates. The lower plate has a recessed depth so that a filter paper can 

fit in, while the upper plate connected with the electrical timer has recession at both 

longitudinal direction so it can be placed on top of the lower plate. The upper plate has a 

round opening in the center so it can hold a stainless steel funnel. At the bottom of the 

upper plate, there are two concentric round tracks with two probes in the inner track and 

one probe in the outer track to detect interface flow.   

 

Figure 3.4 Type 319 Multi-CST apparatus. 

 



 

32 
 

The schematic drawing showing the structure of the stainless steel funnel seat is shown 

in Figure 3.5. 

                           

Figure 3.5 Schematic drawing of the stainless steel funnel seat. 

The measurement starts when sludge is poured into the stainless steel funnel. Water 

begins to flow through the filter paper and form a moving circle in the filter paper. When 

the moving circle reaches the edge of probes located at the inner track on the bottom of 

the upper plate, electrical signal will be sent to the timer to start timing. The timing ends 

when moving circle reached the probe at the outer track. The capillary suction time can 

be read from the electrical timer directly. 

The principle of the apparatus is based on capillary suction pressure of a porous medium. 

When a treated sludge is poured into the funnel, a certain height of the sediment bed will 

be formed. Depending on the stability of the sludge, the height of sediment bed varies. 

Once a porous medium such as a filter paper is put underneath the funnel, water inside 

the sludge will begin to drain through the sediment bed into the filter paper to form a 

1. Lower Plate 

2. Upper Plate 

3. Stainless Steel Funnel 

4. Filter Paper 

5. Probes 
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moving circle. The movement of water in the porous medium (filter paper) mainly relies 

on the height of sediment bed, the permeability of sediment bed and the water-holding 

capacity of the solids in the sludge [69] [70]. The sediment bed formed by a stable/well-

dispersed sludge is expected to be lower and more compact with narrower pores spaces, 

compared with unstable/aggregated suspension. Thus the more stable the sludge is, the 

longer the CST. 

The original MFT used contained 35.6 wt% solids, and the fine solids in MFT have very 

high water-holding capacity. The settling of the fine solids in MFT is extremely slow. 

Hence, when placed into the stainless steel funnel, the sediment bed formed is of low 

height and high density. The CST result of the original MFT was 2800 - 3500 s. After 

treatment with polymer flocculants, the fine solids form flocs with larger pores, and in the 

meantime, the stability of MFT is broken thus it loses part of the water-holding capacity. 

As a result, the polymer-treated MFT is supposed to give lower CST than the original 

untreated MFT. In this thesis, the CST results are averages from three to four of CST tests. 

3.3.2 Specific Resistance to Filtration 

Specific resistance to filtration (SRF) and CST are the two most widely applied tests to 

characterize the filterability of sludge [71] [72]. Compared with CST, which is simple and 

inexpensive to operate, the measurement of SRF is more complicated, time consuming 

and more expensive to complete [73]–[75]. However, CST values obtained are unable to 

predict the physical properties of sample and changes during the dewatering process. 

While originated from classical filtration theory developed by Ruth [76]–[79], the SRF 

form a theoretical model incorporating the parameters of the filtration process [80], so 
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that it can be used to characterize the dewaterability of sludge under vacuum, pressure or 

a centrifugal force field [81]. Even though the parameters used in the SRF models were 

derived from classical filtration theory and do not comprehensively describe dewatering 

behaviors, the SRF is extensively used in characterizing dewaterability of sludge [71] [72] 

[75] [81] [82]. 

As the name implies, the SRF is used to represent a resistance to filtration. This resistance 

includes an apparatus resistance as well as a sludge resistance [83]. Here the latter is the 

studying object. In the process of separating solid and liquid, the SRF of a filter cake 

represents the difficulty with which a liquid filtrate can permeate through the filter cake 

[84]. As a result, the SRF has a physical meaning of measuring the resistance to filtration 

for a unit mass of filter cake per unit filter area [85]. Therefore, a smaller SRF value 

indicates easier and faster filtration [81] [86].  

Under a constant pressure difference, the liquid contained in the sludge would pass 

through the filter medium with small pores to prevent particles from penetrating, which 

would otherwise provide resistance to liquid passage. As the filtration progresses, solid 

particles were retained on the surface of the filter medium, forming filter cake as shown 

in Figure 3.6 [87]. The cake thickness increased from o to Lc until filtration stopped, 

accordingly the filtrate volume increased from 0 to V mL. 
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Figure 3.6 Schematics of liquid filtrate going through filter medium under 

pressure filtration. 

According to Ruth’s theory, the filtrate flow rate (q) is proportional to the pressure 

difference ΔP (∆P equals to the pressure difference between P0 and P2) applied through 

the filter cake and the filter medium, and inversely proportional to the summation of 

resistances of the filter cake (Rc) and filter medium (Rm), and the viscosity of liquid filtrate 

[75] [85] [88] [89]. The combination of the above yields the equation: 

q
dt ( )c m

dV A P

R R


 


                                  (3.2) 

For a given filter medium and slurry, the resistance of filter medium Rm is a constant value 

with a unit of m-1. The cake resistance Rc is proportional to the filtrate volume V and 

inversely proportional to the filter area A [90] [91], so that Rc can be described as: 

Rc

V
rw
A

                                                     (3.3) 

1    Tailings 

2    Filter Cake 

3    Filter Medium 

A    Filter Area 

q    Flow Rate 

P0    Inlet Pressure 

P1   Pressure on Filter Medium 

  P2   Pressure under Filter Medium 

  LC   Thickness of Filter Cake 

  Lm  Thickness of Filter Medium 
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Where r is the specific cake resistance to filtration (m/kg), and w is the concentration of 

the slurry (kg/m3).  

Substituting Eq. (3.3) into Eq. (3.2) gives: 

( )m

dV P

Vdt
rw R

A A








                                   (3.4) 

Eq. (3.4) can be written in another way: 

2( )

m

dV P A

dt rwV R A 





                                  (3.5) 

For the experiments described in this work, the pressure difference was constant 

throughout the filtration process. Integration of Eq. (3.4) or Eq. (3.5) leads to the classical 

filtration equation: 

22

mRt rw
V

V PA PA


 

 
                                   (3.6) 

Eq. (3.6) illustrates that a plot of t/V versus V would provide a straight line with a slope a 

and intercept b, which are: 

22

rw
a

PA





                                                   (3.7) 
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                                                        (3.8)  
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The specific cake resistance to filtration and the filter medium resistance can be expressed 

as: 

22 PA
r a

w


                                                  (3.9) 

PA
mR b




                                                   (3.10) 

The detailed derivation of the above equations can be found in many textbooks or 

publications [58] [84] [87] [92]–[94].  

Since the change of filtrate volume with time can be recorded, a straight line can be easily 

generated from the plot of t/V versus V. Thus the values of a and b can be obtained, which 

can be used to calculate the specific cake resistance and the resistance of filter medium. 

Furthermore, once their values are obtained, values can be substituted into Eq. (3.6), 

which can be adopted to set the t time as a cycle of operation [58]. 

For pressure filtration tests in this thesis research, the filter area (A) was the inside area 

of the metal funnel, which is 0.0121 m2. The applied filtration pressure was constant at 

150 kPa, 300 kPa, or 600 kPa. The viscosity of liquid filtrate was very close to the viscosity 

of water, which has been verified by several viscosity tests in a rheometer, hence here µ 

was considered to be 0.8937 Pa·s. As for the value of w, in batch filtration, w is the 

concentration of the slurry (kg/m3), which should be a constant [71] [95].   

As mentioned earlier, a Balance Link software was used to record the changes of filtrate 

mass with time. The filtrate has very similar physical properties as water, including 

viscosity and density. Therefore, assuming the density of filtrate to be 1000 kg/m3, it was 
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easy to convert filtrate mass data from the recording to volume data. Origin 2015 was used 

to analyze the data and complete the linear fitting. 

The following shows an example to demonstrate the detailed operation to calculate SRF. 

In the following experiment, 1 kg/t lignosulfonate (at a stock concentration of 2.0 wt%) 

and 1 kg/t A3335 (at a stock concentration of 0.4 wt%) were added sequentially to treat 

500 g MFT. The treated MFT was then filtered under a constant applied pressure of 300 

kPa. The filtrate volume versus time curve is shown in Figure 3.7. Based on the volume 

and time data, a plot of t/V versus V could be obtained, as shown in Figure 3.8. 

 

Figure 3.7 Filtrate volume versus time curve of MFT treated with 1 kg/t 

lignosulfonate and 1 kg/t A3335. 
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Figure 3.8 t/V versus volume curve of MFT treated with 1 kg/t lignosulfonate 

and 1 kg/t A3335. 

In both Figure 3.7 and Figure 3.8, anomalous points at the initial stage of filtration which 

neither fit the parabolic curve in the V-t plot nor the linear t/V-V graph were observed. 

This might be because the pressure was increasing at the initial stage of filtration [93], or 

other reasons as shown in Figure 3.9, and this stage should be avoided in data analysis. 

For the t/V-V plot, non-linearity probably would appear at the end of the fitting, too, as 

explained in Figure 3.9. 

0 25 50 75 100

0

20

40

60

80

100

120

140

160

180

200

 

 

T
im

e
/F

ilt
ra

te
 V

o
lu

m
e
(t

/V
) 

(s
/m

L
)

Filtrate Volume (mL)

 Time/Filtrate Volume(t/V)

Anomalous points 



 

40 
 

 

Figure 3.9 Possible reasons for non-linearity at the end of fitting curve [96]. 

Figure 3.10 shows the linear fitting generated based on the modified t/V versus V curve. 

The slope and intercept of the line were shown in the graph with fitting parameters, as 

can be seen in Figure 3.10. R2 value was calculated to judge if the fitting was acceptable.  
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Figure 3.10 Linear fitting of modified t/V versus V curve of MFT treated with 

1 kg/t lignosulfonate and 1 kg/t A3335. 

The mass of solid cake per unit filtrate volume w was: 
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                         (3.11) 

According to the data obtained above, slope a is 0.44 s/mL2, which is 0.44×1012 s/m6, 

substituting into Eq. (3.9):  

SRF: 
3 3 2

12 13

3

2 (300 10 101 10 ) (0.0121 )
0.44 10 7.05 10 / kg

(0.8937 10 ) 409.2
r m



    
    

 
   (3.12) 
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Substituting b (17.49 s/mL, which is 17.49×106 s/m3) into Eq. (3.10), the resistance of the 

filter medium (filter paper) is:  

 
3 3

6 13 1

3

(300 10 101 10 ) 0.0121
17.49 10 4.71 10

(0.8937 10 )
mR m



   
    


   (3.13)                  

Eq. (3.12) gives the value of SRF of the filter cake. Since SRF values are comparable from 

one experiment to another, there was an approximated evaluation of relative ease of 

filtration based on the magnitude of the specific resistance, as shown in Table 3.2. 

Table 3.2 Relative ease of filtration based on the magnitude of SRF [96]. 

Ease of separation r (m/kg) 

Very easy ≤109 

Easy 1010 

Moderate 1011 

Difficult 1012 

Very Difficult ≥1013 

As one of the main methods to evaluate filterability of treated MFT, thereby to evaluate 

the polymer treatment, SRF was calculated for experiments described in the following 

chapters, in the same way as it was described above. 
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3.3.3 Cryo-SEM Images of Flocs Structure 

Cryogenic scanning electron microscopy (cryo-SEM) is a commonly used characterization 

technique in life sciences. There are many similarities between samples in petroleum 

industry and those in life sciences, although cryo-SEM technique is less common in 

petroleum industry [97] [98]. Here this technique was used to observe the porous 

structure of MFT with or without polymer treatment. 

The scanning electron microscope used was Zeiss EVO LS15 EP-SEM equipped with LaB6 

electron source, and has a resolution of around 100 nm at the highest magnification. It is 

equipped with a Bruker energy dispersive X-ray spectroscopy (EDS) system with a silicon 

drift detector with a resolution of 123 eV and a 10 mm2 window area. It is also equipped 

with a cold stage and in environmental mode, which is able to image hydrated samples.  

To compare the porous structure between untreated MFT, single polymer treated MFT 

and dual polymers treated MFT, images of untreated MFT samples, MFT treated with 1 

kg/t A3335, MFT treated with 4 kg/ton Alcomer 7115, and MFT treated with 4 kg/t 

Alcomer 7115 and 1 kg/t A3335 were obtained. For cryogenic sample preparation, each 

sample was placed into a copper sample stub. First a rapid freezing of sample was 

conducted using liquid nitrogen to maintain the morphology or relationship between 

various components. Then the frozen sample was fractured by a blade. Followed by the 

sublimation of water under controlled conditions. Afterwards, the sample was coated with 

gold. The coated sample was transferred into the SEM chamber for observation [99]. 
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3.4 Optimization of Procedures 

To make the treatment effective, parameters need to be optimized. As mentioned in 

chapter 2, except those fixed parameters (dimensions of beaker and impeller, type of 

impeller, properties of MFT), other parameters remained to be optimized are stirring 

speed and stirring time. 

3.4.1 Optimum Stirring Speed 

To optimize stirring speed, single polymer treatment was tested with A3335 (stock 

solution was at 0.4 wt%) provided by Imperial Oil. CST tests were conducted to evaluate 

the flocculation outcome. The polymer dosage used was 1 kg/t. And CST results were 

measured every 30 s after injecting polymer solutions under different stirring speed (150 

rpm, 200 rpm, 250 rpm, 300 rpm, 400 rpm, and 500 rpm), as shown in Table 3.3. 

CST results showed that for each stirring speed, there was an optimal stirring time 

window, corresponding to a minimum CST value. After comparing CST results at a certain 

stopping time but from different stirring speeds, it was clear that a stirring speed of 300 

rpm showed the lowest CST, indicating best dewatering performance of MFT. Results 

obtained when repeating those experiments demonstrated the same trend, which 

confirmed that 300 rpm was the optimum stirring speed under the experimental 

conditions.  
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Table 3.3 Comparison of CST of different stopping time for single polymer 

treatment. 

 

30 60 90 120 

150 --- 1107 846 907 

200 1094 953 890 915 

250  592 516 720 

300 --- 367 426 578 

400 --- 576 528 631 

500 790 560 570 687 

 

3.4.2 Optimum Stirring Time 

Also, CST results showed that optimal operating time window under the experimental 

conditions with a stirring speed of 300 rpm is from 0 s to 60 s. To further optimize 

experimental conditions, the change of torque was used as an indicator to monitor 

flocculation. As the added polymers bridge the particles together, the torque increases. 

Therefore, the peak value of torque can be used to indicate the maximum bridging 

flocculation of MFT caused by the polymers. 

Furthermore, for better water release, large flocs need to be broken to release trapped 

water. Hence, the point that torque reached its peak value was used as the start time point, 

and the stirring time after that was referred as the required time window. 

A time window of 15 s and 30 s was tested and each was tested three times. The CST results 

are shown in Table 3.4.  

Stop Time (s) 

CST (s) 

Stirring Speed (rpm) 
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Table 3.4 CST results of different time window. 

 Trial 1 Trial 2 Trial 3 

15 233 146 142 

30 458 289 332 

From Table 3.4, it can be seen that if MFT was treated with single polymer A3335, the 

optimal operating window is around 15 s after torque reached its peak value.  

3.4.3 General Procedure for Dual-Polymer Treatment 

Based on the preliminary experimental results on single polymer treatment and an 

understanding of bridging flocculation, a general procedure for dual-polymer treatment 

was developed, as shown in Figure 3.11, which was found to be most effective in the 

experiments carried afterwards. 

Stop Time (s) 

CST (s) 
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Figure 3.11 General procedure for dual-chemical treatment of MFT. 

It took a few seconds for the impeller to ramp to 300 rpm. A timer was started after the 

stirring speed reached 300 rpm, and the MFT sample was stirred for 120 s to homogenize 

the sample before adding chemical A. The second chemical (chemical B) was added when 

the peak torque was reached after adding chemical A. Stirring was stopped 15 s after the 

torque reached its peak value after adding chemical B. 
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4 Dewatering of MFT using Alcomer 7115 and A3335 

Based on the results of preliminary screening, a cationic polymer Alcomer 7115 and an 

anionic polymer A3335 were chosen to study the dewatering effect of dual-polymer 

treatment for MFT. The chosen Alcomer 7115 cationic polymer (called Alcomer 7115 in 

this thesis) is polydiallyldimethylammonium chloride (polyDADMAC) with a molecular 

weight of 200,000 to 400,000 g/mol and high charge density, supplied by BASF. A3335 

is a linear polyacrylamide which has an average molecular weight of 17×106 g/mol and an 

anionic charge density of 30%, manufactured by SNF and provided by Imperial Oil. All 

the experiments described in this chapter followed the general protocol for dual polymer 

treatment, shown in Figure 3.11. Alcomer 7115 (at a stock concentration of 2.0 wt%) was 

used as the first polymer, followed by A3335 (at a stock concentration of 0.4 wt%). It is 

expected that the addition of Alcomer 7115 will bring the fine particles together to form 

small flocs. The addition of A3335 can further aggregate those small flocs into large flocs 

with porous structure, thus improving the dewaterability of MFT.  

4.1 Pressure Filtration 

Pressure filtration under a pressure of 150 kPa, 300 kPa or 600 kPa was conducted after 

the dual-polymer treatment. 

4.1.1 CST and SRF as Indicators for MFT Treatment 

Table 4.1 shows the CST results as well as the SRF results of MFT treated with dual 

polymers and filtered under a pressure of 150 kPa. The dosage of Alcomer 7115 was varied 
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between 0.5 and 4 kg/t, while the dosage of A3335 was fixed at 1 kg/t at all Alcomer 7115 

dosages.  

Table 4.1 CST and SRF results of dual-polymer tests under 150 kPa. 

Dosage of Polymers CST(s) SRF(× 1013 m/kg) 

0.5 kg/t Alcomer + 1 kg/t A3335 494 2.98 

1 kg/t Alcomer + 1 kg/t A3335 454 2.35 

2 kg/t Alcomer + 1 kg/t A3335 717 1.54 

3 kg/t Alcomer + 1 kg/t A3335 336 1.19 

4 kg/t Alcomer + 1 kg/t A3335 311 0.85 

Recorded filtrate volume as a function of time is shown in Figure 4.1. Linear fittings were 

generated based on the filtrate volume versus time curve, as shown in Figure 4.1. The 

slopes of the linear fitting curves indicate filtration rates. 
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Figure 4.1 Filtrate volume as a function of time. 

Data in Table 4.1 show that the CST for the test using 2 kg/t Alcomer 7115 and 1 kg/t 

A3335 was significantly higher than the rest. This dosage combination was repeated three 

times, and the results are shown in Table 4.2: 

Table 4.2 CST results of MFT treated with 2 kg/t Alcomer 7115  

and 1 kg/t A3335 

No. 1 2 3 

CST (s) 418 713 1019 

Average CST (s) 717 
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The measured CST at this particular dosage combination varied widely. At this point it is 

not clear the reason for the variation. In the plot of filtration rate versus CST (Figure 4.2), 

it can be clearly seen that this particular dosage combination (the red dot) is out of line 

from the rest of the data. Therefore, the CST value of that experiment was left out in the 

filtration rate versus CST modeling in Figure 4.2. 
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Figure 4.2 Different filtration rates under different CST. 

Figure 4.3 shows the changes of filtration rate with SRF. As can be seen, the higher the 

SRF, the slower the filtration rate. This agrees with the definition of SRF, and thus proves 

that SRF can be used as an indicator to represent the filterability of MFT. 
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Figure 4.3 Filtration rate versus SRF. 

4.1.2 Effect of Polymer Dosages 

Polymer flocculation improves the dewatering performance of tailings [100]–[102]. 

Polymer dosage is important. If the dosage is too low, there will be insufficient amount of 

polymers to bridge the particles. On the other hand, too high a dosage not only increases 

cost but worse, it could lead to steric stabilization.  

As shown in Figure 4.1, the filtration rate increased as the dosage of Alcomer 7115 was 

increased from 0.5 kg/t to 4 kg/t. Higher dosage of Alcomer 7115 may generate more flocs 

thus form more porous structures in the sediment which led to faster filtration rates.  
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 In the following repeating filtration tests under 150 kPa, the dosage of Alcomer 7115 was 

varied between 1 kg/t and 5 kg/t while the dosage of A3335 was kept at 1 kg/t. The CST 

and SRF results are shown in Figure 4.4, and the change of net water release volume with 

time is presented in Figure 4.5. 

 

Figure 4.4 CST & SRF results for MFT treated with different Alcomer 7115 

dosages and 1 kg/t A3335, and filtered under a pressure of 150 kPa. 

As can be seen, the CST and SRF results of the repeating experiments have shown similar 

trends which were observed previously (Figures 4.2 and 4.3). Figure 4.4 also shows that 

both CST and SRF decrease with the increasing dosage of Alcomer 7115, reaching the 

lowest value at the dosage of 4 kg/t. At higher dosage, there was a slight increase in both 
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CST and SRF. The optimum dosage seems to be between 3 kg/t and 5 kg/t. The results 

indicated that the SRF correlated well with CST. 

 

Figure 4.5 Net water release volume as a function of time for MFT treated 

with stated polymer dosages and filtered under a pressure of 150 kPa. 

Figure 4.5 shows that despite the slightly higher CST and SRF results of test using 5 kg/t 

Alcomer 7115 and 1 kg/t A3335, it has very similar net water release volume using 4 kg/t 

Alcome r 7115 amd 1 kg/t A3335. And for comparison, a test of MFT treated with only 1 

kg/t A3335 and then filtered under 300 kPa was conducted. As shown in Figure 4.5, even 

though filtered under a higher pressure, single polymer treated MFT has lower filtration 

rate and less net water release compared with dual polymer treatment. Overall, the 

combination of 4 kg/t Alcomer 7115 and 1 kg/t A3335 seems to be the optimum dosages.  
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It is to be noted that although the filtration behavior of the above two sets of tests, using 

two batches of different MFT samples, was similar, the measured CST were quite different, 

as shown in Table 4.3.  

Table 4.3 Comparison of CST results of two batches of MFT samples.  

  Dosage of polymers 
CST (s) 

Batch 1  Batch 2 

0.5 kg/t Alcomer 7115 + 1 kg/t A3335 494 --- 

1 kg/t Alcomer 7115 + 1 kg/t A3335 454 397 

2 kg/t Alcomer 7115 + 1 kg/t A3335 717 284 

3 kg/t Alcomer 7115 + 1 kg/t A3335 336 209 

4 kg/t Alcomer 7115 + 1 kg/t A3335 311 153 

5 kg/t Alcomer 7115 + 1 kg/t A3335 --- 170 

The data in Table 4.3 shows that the absolute values of CST differed significantly even at 

the same polymer dosages, although the trend of the CST was the same, i.e., the higher 

the dosage of the Alcomer 7115, the shorter the CST.  

4.1.3 Effect of Pressure on Filtration Rate 

Although the CST was very low, the 500 g MFT sample only had a net water release of less 

than 10 mL in 24 h when it was placed on a 150 µm aperture sieve to dewater following 

treatment with 1 kg/t Alcomer 7115 and 1 kg/t A3335. The application of pressure 

significantly improved the dewaterability. Therefore, filtration tests were conducted 

under different pressures.  

Two series of tests were performed. Each test series consisted of four experiments with 

the dosage of Alcomer 7115 changed from 1 kg/t to 4 kg/t while the dosage of A3335 was 
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fixed at 1 kg/t.  In series 1 (described in 4.1.2) the treated MFT was filtered under a 

pressure of 150 kPa; while in series 2 the treated MFT was filtered under a pressure of 

600 kPa. The accumulation of filtrate volume with time are shown in Figure 4.6 and 

Figure 4.7. 
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Figure 4.6 Filtrate volume as a function of time under a pressure of 150 kPa. 
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Figure 4.7 Filtrate volume as a function of time under a pressure of 600 kPa. 

The comparison of net water release after filtration (obtained based on Figure 4.6 and 

Figure 4.7) is presented in Table 4.4. As shown, higher pressure gives a higher net water 

release when the MFT was treated with the same polymer dosages. 

Table 4.4 Comparison of net water release under 150 kPa and 600 kPa 

  Dosage of polymers 
Net water release  (mL) 

150 kPa  600 kPa 

1 kg/t Alcomer 7115 + 1 kg/t A3335 3.3 10.7 

2 kg/t Alcomer 7115 + 1 kg/t A3335 17.7 40.3 

3 kg/t Alcomer 7115 + 1 kg/t A3335 34.7 54.6 

4 kg/t Alcomer 7115 + 1 kg/t A3335 63.7 87.6 
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In Figure 4.8, the filtration rate was compared at the two pressures as a function of 

Alcomer 7115 dosage. A linear relationship was observed between the filtration rate and 

Alcomer 7115 dosage, for both pressures.  

 

Figure 4.8 Comparison of filtration rate under different pressures. 

Figure 4.8 also illustrated that higher pressure brings faster filtration rates.  The faster 

filtration rates here were due to higher external driving force. Connected structures of 
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pressure exceeds the compressive yield stress, a collapse of the structure and increase of 

local solid volume fraction happen, thus the water inside the pores are squeezed out by 

the external force. Moreover, the higher the volume fraction of solids, the higher the 

compressive yield stress [20] [21] [104]. Therefore, higher pressure can compress 

flocculated system to a higher volume fraction of solids than lower pressure, thus can 

result in shorter filtration times and higher filtration output quantitatively. 

The SRF values were calculated for each experiment and are presented in Figure 4.10 as 

a function of the dosage of Alcomer 7115. It can be seen from this figure that when filtered 

under a pressure 600 kPa, the specific resistance was much higher than that under the 

lower pressure of 150 kPa. This increase in SRF is likely caused by the increase in the 

volume fraction of the solids, which resulting in more compacted structure and higher 

resistance [80]. 
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Figure 4.9 Comparison of SRF under different pressures. 

Results of these two series of experiments showed that 4 kg/t Alcomer 7115 + 1 kg/t A3335 

treated MFT filtered under a pressure of 600 kPa gave the highest filtration rate and 

filtrate volume.  

The filtrate volume plots in Figure 4.6 and Figure 4.7 show that the pressure filtration was 

still ongoing after one hour. Therefore, the filtration time of experiments in series 2 was 

extended to around 2 hours. The filtrate volume of test with 4 kg/t Alcomer 7115 and 1 

kg/t A3335 is plotted versus time in Figure 4.10. 
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Figure 4.10 Filtrate volume as a function of time under 600 kPa (4 kg/t 

Alcomer 7115 and 1 kg/t A3335). 

As can be seen from Figure 4.10, the filtrate volume increased to 217 mL after 1.5 hours 

of filtration, compared with the 167 mL after one hour of filtration. Interestingly, there 

was a “jump” in filtrate volume at about 1 hour (vertical red dash line). This was caused 

by the formation of cracks (Figure 4.11). Once cracks formed, the pressure dropped but it 

became easier for water in the immediate vicinity of the cracks to pass through. 



 

62 
 

 

Figure 4.11 Cracks on filter cake at 600 kPa (4 kg/t Alcomer 7115 and  

1 kg/t A3335).  

The blue vertical line in Figure 4.10 marked the formation of more cracks, which caused 

a significant drop in pressure. The experiment had to be stopped at this point. Indeed the 

formation of cracks in the filtration cake is the limiting factor to the efficiency of pressure 

filtrations when the pressure was induced by compressed air. 

The pressure filtration tests in series 2 ended after 2 hours. The net water release volume 

is plotted against time in Figure 4.12, and the corresponding CST and solid contents in 

the filter cake are shown in Table 4.5. 
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Figure 4.12 Net water release under 600 kPa. 

 

Table 4.5 CST and solid contents of filter cake (pressure: 600 kPa). 

Dosage of polymers CST (s) Solid Content (wt%) 

1 kg/t Alcomer 7115+1 k/t A3335 611 46.2 

2 kg/t Alcomer 7115+1 kg/t A3335 330 55.7 

3 kg/t Alcomer 7115+1 kg/t A3335 250 58.0 

4 kg/t Alcomer 7115+1 kg/t A3335 217 64.1 
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Table 4.5 shows that, an increase in Alcomer 7115 dosage results in lower CST and higher 

solid contents in the filter cake. This verified again that CST is a good parameter to assess 

the dewaterability of polymer treated MFT. The highest solid content in the filter cake was 

64.1 wt%, with the addition of 4 kg/t Alcomer 7115 and 1 kg/t A3335. 

4.2 Vacuum Filtration 

Vacuum filtration is more economically feasible for industries than pressure filtration, 

due to its low cost and high unit capacity [105]. Also, because of the lower driving force, 

it is expected that crack formation may not happen or may be delayed, so that the filtration 

may proceed more smoothly. 

4.2.1 Comparison of Vacuum and Pressure Filtration 

A vacuum filtration test was carried out on 500 g MFT treated with 4 kg/t Alcomer 7115 

and 1 kg/t A3335. After measuring the CST, the treated MFT was transferred to the 

vacuum filtration system and filtered under 3.5 kPa. Filtrate volume was read every 

minute in the first 10 minutes, and then every five minutes until one hour. After one hour, 

the filtration rate was very slow, so the readings then were read every 30 minutes until 

two and half hours when the filtration test was stopped. The net water release volume 

versus time curve is shown in Figure 4.13, and compared with the curve obtained from 

MFT filtered under 600 kPa after treating with the same dosage of polymers. Figure 4.13 

also shows the vacuum filtration test results when the Alcomer 7115 dosage was increased 

to 10 kg/t. 
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Figure 4.13 Comparison of filtrate volume of vacuum filtration (at 3.5 kPa) 

and pressure filtration (at 600 kPa). 

The filtration rate of vacuum filtration (indicated by the black line) was very low 

compared with that of pressure filtration (indicted by the blue line). Extending the 

filtration time resulted in an increase in filtrate volume at a very slow rate. No cracks were 

observed during vacuum filtration process. 

When the dosage of Alcomer 7115 was raised to 10 kg/t followed by 1 kg/t A3335, the 

treated MFT looked extremely thick, and a low average CST of about 60 seconds was 

obtained. The treated MFT was subjected to both pressure and vacuum filtration. 

However, the filter cake cracked very quickly in the pressure filtration tests. On the other 

hand, there is a significant increase in filtration rate under vacuum filtration (note that 
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the Alcomer 7115 stock solution concentration was increased so that at the 10 kg/t dosage, 

the amount of added water was the same as at the Alcomer 7115 dosage of 4 kg/t), and the 

filtration seems to have finished after about 1 hour. The solid content in the filter cake 

was 58.6 wt%.  

The calculated SRF for both vacuum filtration and pressure filtration is compared in Table 

4.6. As can be seen, the SRF of vacuum filtration are slightly smaller than that of pressure 

filtration under 600 kPa. But when compared vacuum filtration with pressure filtration 

under 150 kPa, the SRF values are about the same order (Table 4.1). This implies that 

vacuum filtration does not give an easier filtration than pressure filtration in terms of SRF. 

Table 4.6 SRF of pressure filtration and vacuum filtration. 

 Dosage of Alcomer 7115 

(kg/t) 

Solid Content  

(wt%) 

SRF  

(× 1013 m/kg) 

Pressure  4 64.1 3.95 

Vacuum  
 

4 48.9 1.23 

10 58.6 0.17 

 

4.3 Correlation between CST and SRF for MFT Treatment 

As the two most commonly used parameters to evaluate the dewaterability of sludge, CST 

and SRF have their own advantages and shortcomings. As it was mentioned in previous 

sections, CST measurement is simple, fast, and inexpensive, and requires no special skills. 

In contrast, SRF determination is time-consuming, complex, and expensive to conduct 

and calculate. Yet on the other hand, unlike SRF which is theoretically modeled with 

parameters to determine the permeability of sludge, CST is a practical but empirical 
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method for the determination of filterability, mainly used after the addition of 

coagulant/flocculent aids with no theoretically complete mathematical model [106]. 

Moreover, sludge filterability predominantly governs the output of almost all commonly 

used type of dewatering equipment including filter presses, vacuum filters, drying beds, 

and centrifuges [72] [106]. For these reasons, these two parameters should not substitute 

each other [71], but instead should be evaluated in different aspects of dewatering 

performance. Furthermore, if SRF is correlated with CST, then by measuring CST of a 

sample the SRF value can be estimated quickly using the correlations [107].  

When studying the mechanisms for polymer overdosing in sludge conditioning, 

researchers proposed a two-phase concept to characterize the dewaterability, and 

developed the relationship between CST and SRF [83]: 

 1 2

1
SRF w c CST c


                             (4.1) 

Where c1 and c2 are empirical coefficients related to CST, µ (Pa·s) is the viscosity of the 

filtrate, and w (kg/m3) is the solid content per unit volume of the filtrate. Jimmy et al [19] 

suggested that the resistance was from both the sludge (first part on the right of Eq. (4.1)) 

and the apparatus (second part on the right of Eq. (4.1)). 

Different views on CST-SRF correlation were made by researchers. One school of 

thoughts suggested that for specified suspended solids contents, CST and SRF values 

usually correlate well for sludge from water treatment plants, but not for biological sludge 

containing organic matter, such as flocs [71] [106]. 
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The correlation between CST and SRT for MFT treated with dual polymers is investigated 

here. CST and SRF data shown in Table 4.7 are from experiment series 1 described in 

section 4.1.3, where the MFT was treated with different dosages of Alcomer 7115 from 1 

kg/t to 5 kg/t with an increment of 1 kg/t, followed by filtration at 150 kPa.   

Table 4.7 CST and SRF results of dual polymer treatment with different 

dosages of Alcomer 7115, 1 kg/t A3335, and filtered at 150 kPa pressure 

Dosage of polymers 
CST  
(s) 

SRF 
 (×1013 m/kg) 

SRF ×w  
(×1015 m-2) 

1 kg/t Alcomer 7115+1 kg/t A3335 397 1.62 6.63 

2 kg/t Alcomer 7115+1 kg/t A3335 284 1.21 4.85 

3 kg/t Alcomer 7115+1 kg/t A3335 209 0.77 3.02 

4 kg/t Alcomer 7115+1 kg/t A3335 153 0.60 2.31 

5 kg/t Alcomer 7115+1 kg/t A3335 170 0.69 2.61 

As can be seen from Table 4.7 and Figure 4.14, the trends of CST and SRF values change 

with the incremental increase of polymer dosage are the same. According to Eq. (4.1), 

assume that the filtrate viscosity was constant, CST and SRF×w should follow a linear 

correlation. SRF×w values for this test series are shown in Table 4.7. 

SRF×w versus CST scatter graph was plotted, as shown in Figure 4.14. As can be seen, the 

data points fell very well on a straight line. A linear fitting was generated to verify the 

correlation. As can be seen from Figure 4.14, the R2 value for the fitting is 0.988, 

indicating that these two parameters correlate with each other well in the linear relation:  

SRF×w = (0.018×CST-0.524) ×1015                              (4.2)  
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Figure 4.14 CST versus SRF×w plot. 

To verify the general applicability of this linear relation, it was used to predict the SRF 

values of MFT treated with different polymer dosages and filtered under a pressure of 150 

kPa (described in section 4.1.1). The CST results and measured SRF×w results ((SRF×w) 

series 1) are shown in Table 4.8, together with the predicted SRF×w results ((SRF×w) 

predicted). Figure 4.15 shows a correlation between the measured SRFw and the predicted 

SRFw. 
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Table 4.8 CST and measured/predicted SRF×w results of MFT treated with 

different polymer dosages and filtered under 150 kPa. 

Dosage of polymers 
CST  
(s) 

(SRF×w)series 1 

 (×1015 m-2) 
(SRF×w)predicted  

(×1015 m-2) 

0.5 kg/t Alcomer 7115+1 kg/t A3335 494 12.3 8.37 

1 kg/t Alcomer 7115+1 kg/t A3335 454 9.62 7.65 

3 kg/t Alcomer 7115+1 kg/t A3335 336 4.68 5.52 

4 kg/t Alcomer 7115+1 kg/t A3335 311 3.27 5.07 
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Figure 4.15 Measured and predicted SRF×w versus CST. 
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Figure 4.15 shows that the predicted SRF×w values differed from measured values, 

though they were in the same order of magnitude. Figure 4.15 also shows that the 

measured SRF×w values correlate well with CST results.  

The measured (SRF×w) series1 is plotted against CST for this series of samples in Figure 

4.16.  
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Figure 4.16 CST and SRF×w correlation. 

Figure 4.16 shows that in this series of experiments, CST has a good linear correlation 

with SRF×w values. The correlation can be written in an equation: 

SRF×w = (0.047×CST – 11.37) ×1015                          (4.3) 
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The possible reason that Eq. (4.2) and Eq. (4.3) do not have the same coefficients is that 

these were from two different batch of MFT samples (from different buckets). However, 

the linear relations established by both Eq. (4.2) and Eq. (4.3) indicates that CST 

correlates well with SRF in dual polymer treatment for MFT within a same batch of 

sample.  

For the filtration experiments (filtered under 600 kPa) described in section 4.1.3, CST, 

SRF and SRF×w values are shown in Table 4.9. 

Table 4.9 CST, SRF and SRF×w values for experiments treated with different 

polymer dosages and filtered under 600 kPa. 

Dosage of polymers 
CST  
(s) 

SRF  
(×1013 m/kg) 

SRF×w  
(×1015m-2) 

1 kg/t Alcomer 7115+1 k/t A3335 611 18.95 77.6 

2 kg/t Alcomer 7115+1 kg/t A3335 330 8.40 33.7 

3 kg/t Alcomer 7115+1 kg/t A3335 250 6.92 27.21 

4 kg/t Alcomer 7115+1 kg/t A3335 217 3.95 15.23 

The CST value is plotted against SRF×w values for filtration experiments at 600 kPa, as 

shown in Figure 4.17. And it shows that within one batch of MFT, the CST again correlates 

well with SRF. 
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Figure 4.17 Correlation of CST and SRF×w of filtration experiments at 600 

kPa. 

Recently, more studies were carried out to establish the model to correlate CST and SRF 

[72] [107]–[109]. However, the models all have limitations. Therefore, more accurate 

correlations between CST and SRF are yet to be sought [109]. On the other hand, when 

correlating CST with SRF for different sludge, a best model needs to be chosen through 

many trials. As for dual-polymer treated MFT here, the model shown in Eq. (4.1) was the 

best fitted one. And based on the established correlation between CST and SRF, relatively 

easy-to-obtain CST results can be used to predict SRF results.                                                                                                                    
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4.4 Cryo-SEM Images of Flocs Structure 

Single polymer treated MFT samples (MFT treated with 1 kg/t A3335 or 4 kg/t Alcomer 

7115), dual polymer treated MFT  samples (MFT treated with 4 kg/t Alcomer 7115 and 1 

kg/t A3335) as well untreated MFT samples were prepared as cryo-SEM samples through 

freezing, fracture, sublimation and coating. The cryo-SEM images are showed in Figure 

4.18-(a), (b), (c), (d). 

 

Figure 4.18-(a) Cryo-SEM images of untreated MFT at different 

magnifications.  

 

Figure 4.18-(b) Cryo-SEM images of MFT treated with 1 kg/t A3335 at 

different magnifications. 
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Figure 4.18-(c) Cryo-SEM images of MFT treated with 4 kg/t Alcomer 7115 at 

different magnifications. 

 

Figure 4.18-(d) Cryo-SEM images of MFT treated with 4 kg/t Alcomer 7115 

and 1 kg/t A3335 at different magnifications. 

From the images of untreated MFT (Figure 4.18-(a)), it can be seen that the fine particles 

are connected to each other forming small “cages” to trap water inside. With the help of 

A3335 (Figure 4.18-(b)), fine particles were bridged together, and small “cages” 

disappeared and in the meantime some pores were formed, which helped dewater MFT. 

For 4 kg/t Alcomer 7115 treated MFT, small pores were generated (Figure 4.18-(c)). When 

MFT was treated with 4 kg/t Alcomer 7115 and 1 kg/t A3335 (Figure 4.18-(d)), more 

organized porous structure were produced, and the pore sizes were large and water 

channel can be observed. As an estimation based on the scale bars in the image, the pore 

size of original MFT is about 5~5.5 µm; after treatment with 4 kg/t Alcomer 7115, the pore 
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size has been enlarged to 13~13.3 µm; and with the dual polymer treatment, the pore size 

are in the order of 14~24 µm. 

These images somewhat validate the hypothesis about dual polymer treatment of the MFT. 

And when correlating the cryo-SEM images with experimental results, it can be concluded 

that the porous structure is the main reason that accelerated dewatering of MFT in dual-

polymer treatment process. And larger, more organized pores accounted for better 

dewaterability of the treated MFT. 

4.5 The effect of polymer addition sequence 

Due to the relatively low molecular weight of Alcomer 7115, it was added first to generate 

small flocs. To further study the treatment with Alcomer 7115 and A3335 on their 

dewatering effect for MFT, the sequence of polymer addition was reversed.  

In preliminary experiments, 500 g MFT was treated with 0.5 kg/t A3335 and 0.5 kg/t 

Alcomer 7115 or 1 kg/t Alcomer 7115, respectively, following the dual polymer treatment 

protocol described earlier (Figure 3.11). The CST results of these two tests are shown in 

Table 4.10. 

Table 4.10 CST of MFT treated with 0.5 kg/t A3335 and 0.5 kg/t or 1 kg/t 

Alcomer 7115. 

Dosage of A3335 (kg/t) Dosage of Alcomer 7115 (kg/t) CST (s) 

0.5 
0.5 1910 

1 992 
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The appearances of the MFT after the treatment were shown in Figure 4.19. From the 

pictures, it can be seen that the treated MFT were over sheared, indicating that 15 seconds 

stirring past the peak torque was beyond the optimum operating window of this treatment.  

 

Figure 4.19 Pictures of MFT treated with 1 kg/t A3335 and different dosages 

of Alcomer 7115. 

To determine the optimum window of treatment with the addition of A3335 first followed 

by Alcomer 7115, different stirring times, 5, 10 and 15 seconds after reaching the peak 

torque were used after treating the MFT with 1 kg/t A3335 and 3 kg/t Alcomer 7115. The 

CST results are shown in Table 4.11. 

Table 4.11 CST of MFT after treatment using A3335 and Alcomer 7115  

with different stirring time after reaching peak torque. 

Stopping Time (s) 5 10 15 

CST (s) 51 148 175 

It can be seen from the CST results that a stirring time of 5 s gave the lowest CST and thus 

possibly best filterability of MFT. Longer stirring would cause over shear of MFT.  

Furthermore, The CST value observed by adding A3335 first followed by Alcomer 7115 

gave a very low CST value, indicating potentially very good dewaterability of MFT. 

Filtration tests under a pressure of 600 kPa were conducted to quantify the dewaterability 
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of MFT treated with 1 kg/t A3335 and 3 kg/t Alcomer 7115, and the results are compared 

in Figure 4.20 with previous results where the Alcomer 7115 was added first. 
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Figure 4.20 Comparison of net water release of MFT treated by dual 

polymers with different addition sequence. 

The red curve and blue curve show the net water release from previous experiments, in 

which the MFT was treated with Alcomer 7115 first, followed by 1 kg/t A3335 and a 

pressure filtration at 600 kPa. Compared with the black curve which shows the results 

when A3335 was added first, it can be seen that the filtration rate indeed became much 

faster when A3335 was added first, consistent with the low CST. When adding A3335 first, 

even using a lower dosage of Alcomer 7115 (3 kg/t), it gave a much faster filtration rate 
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than adding a higher dosage of Alcomer 7115 (4 kg/t) first. The dashed vertical lines in the 

figure marked the onset of filter cake cracking. As can be seen, cracks formed much earlier 

when A3335 was added before Alcomer 7115. Therefore, although the filtration rate was 

faster, the earlier formation of cracks caused the filtration to terminate earlier, so that the 

final solid content in the filter cake (58.5 wt%) was similar to the test when the same 

dosage of Alcomer 7115 was added before A3335 (58.0 wt%). However, the significant 

shortening of the filtration cycle is something that may be desirable in any practical 

application of the process.    

To further investigate the effect of addition sequence on dewatering of MFT, test work 

was conducted in which the MFT was treated with 1 kg/t A3335 followed by different 

dosages of Alcomer 7115 (1 to 4 kg/t), and then filtered either under 600 kPa or under 

vacuum. The results are shown in Table 4.12. 

Table 4.12 Filtration results of MFT treated using dual polymers  

with A3335 injected first 

 Dosage of 

Alcomer 7115 

(kg/t) 

CST 

(s) 

Time of 

filtration 

(s) 

Net water 

release  

(mL) 

Solid Content 

(wt %) 

Pressure Filtration 

(600 kPa) 

1  547 --- --- --- 

2.5 229 2835 105.1 55.5 

3 51 2820 138.2 58.5 

4 68 2985 112.1 58.8 

Vacuum Filtration 4 91 3600 100 55.1 

As the filtration results showed, injecting A3335 first followed by Alcomer 7115 resulted 

in the lower CST and faster filtration rate (compared with Table 4.5). However, the final 

solid content did not change significantly. This may have been caused by the 



 

80 
 

aforementioned formation of cracks in the filter cakes, and the limitations of using 

compressed gas in pressure filtration.  

It was also observed that when the MFT was treated with same polymer dosages, the 

torque increased to a much higher value when A3335 was added first followed by Alcomer 

7115 (Figure 4.21). This seems to signify a better flocculation performance, which may 

have contributed to the faster filtration rate. However, the mechanism of two-stage 

polymer treatment is still not clear, and further study is needed to thoroughly understand 

the mechanism thus to reach a higher solid content.  
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Figure 4.21 Torque change of MFT treatment using same polymer dosage 

with different addition sequence. 
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4.6 Auxiliary Chemicals to Strengthen Floc Structures 

One common problem that was encountered in both pressure filtration and vacuum 

filtration was that the cake shrinkage resulting from the collapse of floc structure caused 

a decrease in pressure during pressure filtration or an increase of pressure during vacuum 

filtration. This happened before the formation of cracks in the filter cake, and caused a 

reduction of filtration efficiency. 

To control the collapse of the floc structure and the shrinkage of pores, two main methods 

are: 1) increasing the content of non-spherical particles as the relative displacement of 

facets and edges requires shear of inter-particle contacts instead of pure rotations, and 2) 

increasing the friction between particles, for example, the strength between inter-particle 

bonds [110].  

In this study, several chemicals/polymers were tested with the objective to strengthen the 

floc structures and to maintain dewaterability when the filter cake was under strain.  

4.6.1 α-cellulose 

Cellulose is the most abundant natural organic polymers on the Earth [111]. α-cellulose is 

of the highest degree of polymerization and possess the most stable structures of the three 

classes of cellulose (the other two classes are β-cellulose and γ-cellulose).  It is a 

polysaccharide composed of long chains of β (1, 4) linked D-glucose units. α-cellulose has 

been widely used as structural backbone or structural media. Utilizing its stable structure 

as a frame to support flocs, it is expected that by adding a proper amount of α-cellulose, 

the effective filtration time will be prolonged before the flocs collapse.  
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In the following experiments, 5 g α-cellulose was mixed with 500 g MFT, followed by 

sequential polymer treatment with 4 kg/t Alcomer 7115 and 1 kg/t A3335. In control 

experiment, the MFT was treated with Alcomer 7115 and A3335 only. After treatment, 

vacuum filtration was conducted on both the control and the -cellulose treated samples. 

CST and SRF data are shown in Table 4.13, and the net water release is plotted as a 

function of time in Figure 4.22. 

Table 4.13 CST results and SRF results of experiment with or  

without α-cellulose 

 CST (s) SRF (×1013 m/kg) Solid Content (wt %) 

Without α-cellulose 453 0.044 48.9 

With 5 g α-cellulose  332 0.026 54.5 
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Figure 4.22 Filtrate volume comparison of experiments with or without  

α-cellulose. 
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After adding α-cellulose, lower CST and SRF values were obtained in comparison with the 

control test. Figure 4.22 also shows a faster filtration rate when -cellulose was added, 

consistent with a higher final solid content. During the vacuum filtration, no obvious 

crack or shrinkage were noticed.  

4.6.2 Geopolymers 

The term geopolymer was coined by Joseph Davidovits to define alkali aluminosilicate 

binders formed by the alkali silicate activation of aluminosilicate materials [112]. Due to 

the formation of an inorganic structural network, geopolymers possess high mechanical 

strength [113].  

In another study [114], sodium hydroxide and sodium silicate were used as activators to 

treat MFT, and the resulting MFT quickly acquired sufficient mechanical strength that 

meets regulatory requirements.  

The idea to combine the geopolymerization activators with the dual polymer treatment 

was then tested with the expectation that the addition of the activators would help 

enhance the strength of the floc structure. For 500 g MFT sample, 7.12 g NaOH, 10.68 g 

Na2SiO3, 4 kg/t Alcomer 7115 (stock solutions at 2.0 wt%) and 1 kg/t A3335 (stock 

solutions at 0.4 wt%) were used. The reagents were added in different manners as 

described below.  

In experiment (1), the activators were added first, and the polymers were added in 

sequence in 5 minutes after the addition of the activators. The MFT was transferred to the 

vacuum filtration system immediately after the treatment; in experiment (2), the 
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treatment procedure was the same with experiment (1), but the treated MFT was left 

overnight prior to the vacuum filtration test; in experiment (3), after treatment with the 

activators, the MFT was cured overnight for 24 hours before the sequential addition of 

the two polymers. Vacuum filtration was followed immediately after the polymer 

treatment; in experiment (4), polymers were first added into MFT in sequence, followed 

by activators. Filtration was conducted immediately after the treatment.  

The CST was measured immediately after the treatment, and the vacuum filtration time 

for each experiment was 2 hours. Table 4.14 shows the average CST and the solid contents 

in the filter cake of each experiment. 

Table 4.14 CST and solid content of experiments (1)-(4) 

 

 

 

As can be seen, the overall effect of geopolymers are not noticeable. When comparing the 

CST and solid content, it can be seen that the formation of geopolymers, experiment (2), 

yielded a higher CST value and lower solid content. The increase in CST implies that the 

introduction of geopolymerization activators actually reduced the efficiency of polymer 

treatment to some degree.  

Experiment No. CST (s) Solid Content (wt %) 

(1) 296 51.3 

(2) 694 49.7 

(3) 407 52.0 

(4) 574 50.6 
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4.6.3 Chitin 

Chitin is a biopolymer of high molecular weight. it is often found to compose the 

exoskeletons of arthropods and the cell walls of fungi and yeasts, and contains naturally 

ordered crystalline microfibers which can act as reinforcing agents [115]. It is the second-

most abundant and important natural polymer in nature [116] [117]. 

Chitin was used in a similar way as cellulose to strengthen the floc structures in this study. 

The MFT sample (500 g) was treated with 2.5 g chitin, followed by 4 kg/t Alcomer 7115 

and 1 kg/t A3335. A control experiment was conducted in which the MFT was only treated 

with 4 kg/t Alcomer 7115 and 1 kg/t A3335. Results of pressure filtration tests showed a 

very mediocre behavior of chitin (Table 4.15). 

Table 4.15 Filtration results of treatment with or without chitin. 

 CST  

(s) 

Net Water Release 

(mL) 

Crack formation time 

(s) 

Without Chitin 150 136.6 5400 

With Chitin 169 117.8 5520 

 

4.6.4 Combinations of Bacteria and Polymers 

The mechanism for the bacteria to work on MFT strengthening is based on a process 

called microbial induced calcite precipitation (MICP). This is a process in which the 

presence of excess calcium ions lead to the precipitation of carbonate as calcite (CaCO3) 

in situ [118]. The formation of calcite on the surface of microbial cells bonds soil particles 

cohesively. The bacteria used in this case, sporosarcina pasteurii, a urea-hydrolyzing 
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bacterium can induce CaCO3 precipitation as well as act as nucleation sites to facilitate 

the precipitation of CaCO3 on bacteria surfaces. The combination of bacteria and 

polymers is expected to form porous structure while the bacteria can strengthen the 

structure. 

A series of experiments were carried out as follows: a) 9 mL bacterial solutions were used 

to treat the MFT. After 24 hours, the CST of the treated MFT was measured and pressure 

filtration was carried out at 600 kPa; b) MFT was treated with 4 kg/t Alcomer 7115 and 1 

kg/t A3335, followed by CST measurement and then pressure filtration at 600 kPa; c) 9 

mL bacterial solutions were injected into MFT first, after stirring for 90 seconds, 4 kg/t 

Alcomer 7115 and 1 kg/t A3335 were added sequentially. CST was measured both 

immediately after the treatment and after 24 hours. Filtration test was conducted after 24 

hours following the treatment; d) 4 kg/t Alcomer 7115 and 1 kg/t A3335 were added to 

MFT in sequence first, 9 mL bacterial solutions were injected in 30 seconds after the 

addition of A3335. CST was measured both immediately after the treatment and in 24 

hours. Filtration test was conducted in 24 hours after treatment. For the experiments 

above, bacterial solutions were at a concentration of 109 cells per mL. Filtration tests were 

carried until cracks formed and pressure dropped quickly. The measured CST and solid 

contents are shown in Table 4.16, and the net water release volume as a function of time 

is shown in Figure 4.23.  
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Table 4.16 Comparison of immediate and 24 hour CST results and solid 

content results of MFT treated with polymers and bacteria 

Addition Sequence 
Immediate 

CST (s) 

CST in 24 

hours (s) 

Solid content 

(wt %) 

SRF 

(×1013m/kg) 

(a) Bacteria only --- 939 46.8 25.1 

(b) Polymers only 150 --- 64.1 4.7 

(c) Bacteria + Polymers 109 155 56.5 3.7 

(d) Polymers + Bacteria 168 148 59.8 5.1 
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Figure 4.23 Filtrate volume comparison of MFT treated with polymers and 

bacteria sporosarcina pasteurii.  
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The CST after 24 hours following the bacteria treatment of MFT was much lower than 

that of untreated MFT (which is around 3000 s), indicative of a better filterability after 

bacterial treatment. The CST’s of MFT treated with polymers with or without the bacteria 

are very close. So are the SRF results. This implies that the addition of bacterial solutions 

did not significantly change the effect of polymers. However, as can be seen from Figure 

4.23, the addition of bacterial solutions caused the earlier occurrence of both the collapse 

and the cracks formation in the filter cakes.  The addition of bacteria also increased the 

filtration rate slightly but without affecting the final filtrate volume significantly.  

In general, bacterial solutions did not help with prolonging the effective filtration time 

before cracks were formed.  

4.7 Summary 

The filtration tests and data analysis demonstrate that CST and SRF are two meaningful 

indicators to predict the filterability or dewaterability of MFT with dual polymer 

treatment. And the correlation between these two parameters is linear within the same 

MFT batch tests.  

In the range of 1 kg/t to 4 kg/t with an increment of 1 kg/t, with the increasing Alcomer 

7115 dosage, a lower CST and better dewaterability of MFT can be obtained. And if filtered 

under the same pressure, SRF decreases as the dosage of Alcomer 7115 increases. The 

highest solid content obtained was 64.1 wt% when the MFT was treated with 4 kg/t 

Alcomer and 1 kg/t A3335, followed by pressure filtration at 600 kPa. A weak strength of 

the filter cake is the limitation to reach higher solid content. And treated with same 

polymer dosage, MFT filtered under 600 kPa has a larger final filtrate volume and faster 
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filtration rate than under 150 kPa. However, SRF values of MFT filtered under 600 kPa 

are higher than those under 150 kPa. 

Vacuum filtration is very promising due to the much lower SRF values (compared to 

pressure filtration) it generates, and can procced without bringing cracks to filter cakes. 

But the filtration rate was much lower than pressure filtration. 

The cryo-SEM images provide evidence to the validity of the hypothesis of the 

mechanisms underlying the dual-polymer treatment. Dual-polymer treatment led to 

larger pores in the filter cake and consequently, better dewaterability.  
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5 Conclusions 

5.1 General findings 

The general findings of this thesis research are presented in the following two sections. 

5.1.1 Methodology  

(1) Capillary suction time (CST) is a meaningful indicator to assess the dewaterability 

in dual polymer treatment for oil sands mature fine tailings (MFT). Lower CST 

value indicates better dewaterability. 

(2) Specific resistance to filtration (SRF) is also a suitable parameter to evaluate the 

dewaterability of MFT for dual polymer treatment. Higher SRF value means it is 

more difficult to filter MFT. Moreover, SRF correlates well with CST in MFT 

treatment within the same batch of samples, i.e., both of them can give an accurate 

prediction of the dewaterability of MFT. The easily obtained CST results can be 

used to predict SRF values. 

(3) The cryogenic scanning electron microscopic (cryo-SEM) images validated the 

hypothesis of the mechanism underlying the dual-polymer treatment. For polymer 

treatment, porous structure of the sludge is the main cause of the change of 

dewaterability. Larger pore size and more organized porous structures account for 

better dewaterability of MFT. Also, the cryo-SEM images show the advantage of 

dual polymer treatment over single polymer treatment. The former can produce 

more organized porous structures with larger pore size, which contribute to much 

better dewaterability of MFT. 
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5.1.2 Dewatering Results using Dual Polymers Alcomer 7115 and A3335 

(1) The use of dual polymer system consisting of a cationic polyDADAMAC polymer 

Alcomer 7115 and an anionic polyacrylamide polymer A3335 gives a lower CST and 

higher final filtrate volume, indicating a better dewatering performance of MFT, 

compared with single polymer A3335 alone or Alcomer 7115 alone. Using 

compressed air pressure filtration under 600 kPa, a filter cake solid content of 64 

wt% could be obtained after 2 hours of filtration.  

(2) In the range of 1 kg/t to 4 kg/t with an increment of 1 kg/t, with the increasing of 

Alcomer 7115 dosage, a lower CST and better dewaterability of MFT can be 

obtained. Further increase in Alcomer 7115 dosage to 5 kg/t causes the CST to 

increase, indicative of decreasing dewaterability. Therefore, the optimum dosage 

to treat MFT is 4 kg/t Alcomer 7115 and 1 kg/t A3335.  

(3) If MFT treated with different polymer dosages was filtered under the same 

pressure, the specific resistance to filtration (SRF) decreases as the dosage of 

Alcomer 7115 increases. SRF is higher under 600 kPa than under 150 kPa when 

other conditions are the same. A possible explanation is that high pressure causes 

the porous pore structure to collapse, leading to a higher volume fraction of the 

solids and thus higher resistance of the filter cake to filtration. However, treated 

with same polymer dosage, MFT filtered under 600 kPa gives larger final filtrate 

volume and faster filtration rate than under 150 kPa, despite the higher SRF. This 

is obviously caused by the larger driving force. 



 

92 
 

(4) A weak strength of flocs is the limiting factor to obtain higher solid content in 

tailings for MFT treatment with Alcomer 7115 and A3335. To strengthen the flocs, 

various additives, including α-cellulose, chitin, geopolymer activators (sodium 

hydroxide and sodium silicate), a calcite-forming bacterium sporosarcina pasteurii, 

are tested with the expectation to work as backbone structure to increase the 

strength of flocs generated by Alcomer 7115 and A3335. However, no significant 

benefits were observed in overall evaluation for dewaterability of MFT except for 

α-cellulose. On the other hand, vacuum filtration can significantly reduce or 

eliminate the formation of cracks. When increase the dosage of Alcomer to 10 kg/t, 

vacuum filtration gives fast filtration rate and the filter cake reaches a high solid 

content (58.6 wt%) in one hour. 

5.1.3 Suggestions to future work 

(1) More research is needed to further study the properties and compositions of MFT, 

and their effects on the performance of different polymers.  

(2) The combination of Alcomer 7115 and A3335 has promising performances in MFT 

treatment, further work regarding the mechanism should be conducted, and more 

Alcomer series of cationic polymers need to be studied to find polymers that have 

similar advantages and also can generate flocs with high strength. 
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Appendix A 

Proper mixing is the key factor to flocculation process. To test if the mixing is appropriate, 

capillary suction time (CST) measurement, and the volume of water released after placing 

the treated MFT on a 150 µm aperture sieve, were used to evaluate the flocculation 

performance under different mixing conditions. 

In earlier trials, a stainless steel tank with four baffles at 90ºangle was used as the stirring 

vessel, as shown in Figure A.1, which has a diameter of 10.9 cm. The impeller is a curved 

blade turbine (CBT) with three blades, with an angle of 120° between two near blades, as 

shown in Figure A.2. The diameter of the impeller is 6.4 cm.  

 

Figure A.1 Top view of the stainless steel tank with baffles. 
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Figure A. 2 the CBT impeller. 

In these tests, 500 g MFT was treated with A3335 (stock solution was at 0.4 wt%) and 

lignosulfonate (stock solution was at 2.0 wt%), and the dosage of both polymers was fixed 

at 1 kg/t. After a series of experiments performed by a previous graduate student, it was 

shown that 600 rpm was the optimal stirring speed and the best result was observed by 

adding lignosulfonate first followed by A3335.  

However, during the tests it was observed that the flocculation process was not efficient 

as there was significant amount of what seemed to be unreacted gel-like MFT left on the 

surface. It quickly turned out that the agitator set up could not adequately agitate the MFT. 

It was possible that the level of MFT in the stainless steel tank was too high for the 

impeller as the CBT type impeller can only generate radial flow. Several experiments were 

then conducted to assess the efficiency of the mixing in the stainless steel tank using the 

CBT impeller.  
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In the control experiment, the impeller was set at a fixed position, which was about 25 

mm from the bottom of the tank. In the next test that followed, the position of the impeller 

was first placed at 25 mm from the bottom of the tank.  After adding A3335, the impeller 

was raised to the position just beneath the surface of MFT until treatment ended. The 

water release results for both experiments were listed in Table A.1. 

Table A.1 Comparison of water release of experiments with impeller in 

different positions 

 
Water Release (mL) 

24h 48h 72h 

Control Experiment (impeller at 25 mm from bottom) 54 --- --- 

Experimental Group (impeller moved from bottom to top) 103 136 155 

In the control experiment, there was very a small volume of water released in day 1, with 

no more water release in the next two days. However, after moving the impeller to the top, 

there was less gel-like MFT on the top and more water release. Higher stirring speed had 

been tested under the same conditions, and found unsuitable. 

Therefore, for better flocculation outcomes, a 2 L beaker with a diameter of 12.6 cm and 

a pitch blade impeller (PBT, as shown in Figure A.3) with a diameter of 10 cm which can 

generate both radial and axial flow were used. The ratio of impeller diameter to beaker 

diameter is Di/Db= 0.79.  
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Figure A. 3 PBT impeller. 

When placed into the 2 L beaker, the 500 g MFT sample filled to a height of 4.9 cm, which 

was inside the effective agitation range of the impeller. The agitation efficiency was 

significantly improved compared to the stainless steel tank and CBT impeller.  
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Appendix B  

The drain pipe under pressure filtration system was a straight plastic pipe. When filtration 

proceeded to a time that the filter cake started collapsing, the compressed air blew out 

with filtrate fluid and hit the bottom of the beaker, which led to random fluctuations in 

the readings of the weighing balance. To avoid the effect of air flow and to maintain 

accurate readings of filtrate volume, a “T” glass joint was used to help release the impact 

of air flow, as shown in Figure B.1. After the adjustment, the random fluctuation of 

readings due to the air flow was eliminated.  

 

Figure B.1 Adjustment of drain pipe. 

 

 

 


