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ABSTRACT 

Bitumen is extracted either using surface mining or in situ processes, such as Steam 

Assisted Gravity Drainage (SAGD), that could produce large quantities of oil sands process water 

(OSPW) and SAGD produced water. SAGD produced water is generally characterized by a 

slightly basic pH (7-8), high temperature (80-90 °C), and high levels of colloidal impurities, total 

dissolved solids (TDS) and total organic carbon (TOC). OSPW is also a highly complex mixture 

containing sands, silts, heavy metals, and recalcitrant organics such as naphthenic acids (NAs). 

Currently, OSPW is retained on site in tailings ponds without active return to the regional 

watershed. In order to treat, recover and recycle these two types of wastewaters, polymer-based 

coagulants and flocculants are widely applied. However, limited knowledge about the fate of these 

polymers in wastewater from oil and gas industry is known. Therefore, in this thesis, the 

interactions and degradations of different polymer-based coagulants/flocculants in oil and gas 

wastewater were investigated.   

Firstly, response surface methodology (RSM) was employed to optimize the thermal 

softening-coagulation-flocculation-sedimentation process with softeners, poly-DADMAC as the 

coagulant, and cationic polyacrylamide (PAM) as the flocculant, and assess the interaction effects 

of operational variables for sludge volume index (SVI) and the removal efficiency of turbidity, 

total suspended solids (TSS), particulate hardness, silica, total organic carbon (TOC) and total 

inorganic carbon (TIC) in synthetic SAGD produced water. Poly-DADMAC dose and mixing time 

with softeners only were demonstrated to be the most influential factors for the treatment process. 

Temperature was found to facilitate the removal of colloidal impurities by forming larger and 

denser flocs and changing their surface composition. More importantly, adsorption and subsequent 
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bridging are the main interaction mechanisms between the polymers and particles in the 

coagulation-flocculation process. 

The long-term fate of dissolved organics in OSPW under various controlled conditions was 

examined to enhance the understanding of the physiochemical characteristics of OSPW during 

long-term storage. The highest removal of dissolved organics was observed in ozonated OSPW 

stored at 20 °C with the highest reduction of COD, DOC, and total NAs. Biodegradation was 

believed to be the main reason for dissolved organics removal. Additionally, temperature has been 

demonstrated to be the most important impact factor for the characteristics of OSPW. The limited 

changes of various parameters in OSPW samples stored at 4 °C supported the common practice of 

storing OSPW in the cold room as an effective way to preserving the water quality in the laboratory. 

The microorganism analysis indicated that Bacillus and Fontimonas might be the key 

microorganisms for degrading dissolved organics like NAs in OSPW. 

Under oxic conditions, the degradation of anionic polyacrylamide (A-PAM) in different 

temperatures and microorganism conditions in oil sands tailings was studied. The maximum 

removal efficiency of A-PAM without releasing acrylamide (AMD) monomer was observed in 

tailings water with augmented microorganisms at 20 °C. No substantial effect on acute toxicity 

and no genotoxicity were found from aerobic degradation of A-PAM in tailings. It was revealed 

that in the oil sands tailings oxic zone, macromolecular A-PAM could partially degrade into 

ammonia and smaller molecules, like organic acids, with help of extracellular amidases. 

Finally, anaerobic A-PAM degradation in tailings was studied at various A-PAM dosages. 

Higher methane yield was observed in the tailings samples with lower concentrations of A-PAM 

(10 and 100 mg/kg TS) than in higher concentrations of A-PAM (250 to 2000 mg/kg). A-PAM 
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molecules could be partially degraded into smaller molecules, such as AMD and polyacrylic acid, 

which could be utilized as both carbon and nitrogen source to microbes. No contribution to the 

acute toxicity and genotoxicity was found from anaerobic degradation of A-PAM. The A-PAM 

concentration could affect the degradation via affecting the flocs structure and composition, which 

subsequently affected the microbial colonization and metabolic activity. The analysis of microbial 

community suggested that Smithella, Candidatus_Cloacimonas, W5, XBB1006, and DMER64 

were critical microorganisms involved in anaerobic degradation of A-PAM. The potential 

metabolic pathways for producing different volatile fatty acids (VFAs) from the intermediates of 

A-PAM degradation were proposed.  
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CHAPTER 1  GENERAL INTRODUCTION AND RESEARCH 

OBJECTIVES 

1.1 Background 

1.1.1 Bitumen extraction from oil sands 

As the third-largest crude oil reserves in the world, oil sands deposits in northern Alberta, 

Canada produced 3.6 million barrels of recoverable oil per day in 2019 with an expected 

production of 4.4 million barrels per day in 2029 (Alberta Energy Regulator, 2020). Depending on 

how deep the oil sands are deposited, bitumen is extracted either using surface mining or in situ 

processes (Nimana et al., 2015). For the shallow mines, crude bitumen is extracted via surface 

mining, which accounts for 46% of the total extraction (Sapkota et al., 2018). Surface mining 

involves removing the oil sands with shovels and trucks and separating the bitumen by using the 

Clark caustic hot water process (Bergerson et al., 2012). 

However, approximately 80% of Albertaôs oil sands deposits are too deep (over 200 m) for 

surface mining and require in situ methods (Rui et al., 2018). Steam Assisted Gravity Drainage 

(SAGD) and Cyclic Steam Stimulation (CSS) are two primary in-situ thermal recovery processes 

used for the bitumen extraction (Qin et al., 2017). CSS is a batch process, and a single well is 

required for both steam injection and oil production in an alternating batch mode (Radpour et al., 

2021). In the SAGD process, the bitumen is extracted through three typical processes with a pair 

of parallel horizontal wells: (i) hot steam is injected from the upper well to form a steam chamber 

so that the bitumen can be heated up and its viscosity can be reduced; (ii) the heated bitumen with 

reduced viscosity flows with the steam condensate and reservoir connate water, and drains almost 

completely by gravity into the lower well; and (iii) the mixture of bitumen, clay, and water is 
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pumped to the surface and the water-oil emulsion is separated at a plant (Ku et al., 2012; Manfre 

Jaimes et al., 2019).  

1.1.2 Wastewater from bitumen extraction 

1.1.2.1 Oil sands process water 

During the Clark caustic hot water extraction process in surface mining, about 0.21-2.5 

barrels of water are required for per barrel of bitumen extraction, where a large amount of oil sands 

process water (OSPW) is generated (NRC, 2022). After the bitumen extraction, OSPW is stored 

in tailings ponds for water-solid separation. More than 80% of the process water is recovered from 

tailings ponds and recycled back for the bitumen extraction process (NRC, 2022). OSPW is a 

complex mixture consisting of suspended solids, salts, inorganic compounds, trace metals, and 

organic compounds including naphthenic acids (NAs), polycyclic aromatic hydrocarbons (PAHs), 

phenols, and BTEX (benzene, toluene, ethyl benzene, and xylenes) (Li et al., 2017). As the 

majority of total organics (~50%) and a major driver of toxicity of OSPW, NAs are oil-derived 

mixtures of alkyl-substituted saturated cyclic and non-cyclic carboxylic acids with the general 

formula CnH2n+ZOx, where n refers to the carbon number, Z (zero or a negative even integer) 

indicates the hydrogen deficiency caused by rings and/or double bonds introduction, and x is the 

number of oxygen atoms in the structure (x = 2 is classical NAs and 3 x  6 is oxidized NAs) 

(Meshref et al., 2017; Xue et al., 2018).  

As OSPW will ultimately need to be incorporated into a reclaimed landscape, such as end-

pit lakes, and may introduce NAs to groundwater, understanding and mitigating NAs toxicity is 

essential for regulatory decision-making (Frank et al., 2014; Marentette et al., 2015). OSPW has 

been reported to cause acute, sub-chronic and chronic toxicity, to living organisms including fish 
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(Hughes et al., 2017), mammals (Fu et al., 2017), invertebrates (Bartlett et al., 2017), and 

microorganisms (Miles et al., 2019). In addition, the acute toxicity of aged OSPW obtained from 

remediation ponds and wetlands were reduced, which might be due to the changes of NAs 

composition over time in OSPW (Holowenko et al., 2002; Li et al., 2017). In an aging OSPW, 

indigenous microbial communities seem to preferentially degrade NAs with lower carbon numbers 

(< 22), resulting in a larger proportion of NAs with higher carbon fraction (Biryukova et al., 2007; 

Quagraine et al., 2005). Previous studies have shown that NAs with higher molecular weight are 

less toxic to A. fischeri probably due to the presence of high -COOH content which decreased 

hydrophobicity (Frank et al., 2009a; Frank et al., 2008; Frank et al., 2009b). However, there are 

contradicting results on toxicity of fresh and aged OSPW found in studies about other living 

organisms. For example, Bartlett et al. (2017) have reported that NAs extracted from fresh OSPW 

were less toxic to invertebrates than those from aged OSPW, while other studies observed reduced 

toxicity occurring with degradation processes with aging OSPW (Anderson et al., 2012; 

Holowenko et al., 2002; Wiseman et al., 2013). The different results among various studies could 

be due to many reasons including different field-OSPW samples (source, aging period, and 

composition), tested species, exposure time, and extraction methods for NAs. Hence, in order to 

better understand the aging effect on NAs degradation and toxicity of OSPW, conducting aging 

experiments in the lab under certain controlling conditions is necessary.  

Various technologies have been explored for NAs degradation and OSPW remediation, 

including active and passive applications (Lillico et al., 2023; Toor et al., 2013; Xue et al., 2018). 

Successful reclamation of OSPW will require a reduction of NAs concentration and the removal 

of toxic characteristics. Among different technologies, natural or enhanced bioremediation in lakes 

or wetlands will likely play a critical role in meeting these requirements (Toor et al., 2013). 
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Previous studies have shown that a number of microorganisms have the ability to metabolize NAs, 

including Acinetobacter anitratum, Alcaligenes faecalis, and Pseudomonas putida (Blakley, 1974; 

Blakley and Papish, 1982; Johnson et al., 2011; Rho and Evans, 1975). It is believed that ɓ-

oxidation is the dominant degradation pathway, but Ŭ-oxidation and aromatization may also 

contribute (Han et al., 2008; Quinlan and Tam, 2015). Furthermore, researchers have attempted to 

utilize indigenous microorganisms to degrade NAs under aerobic and anaerobic conditions. 

Mahdavi et al. (2015) evaluated an indigenous aerobic algae-bacteria consortium for removal of 

NAs and toxicity reduction. Their results demonstrated that the indigenous algae-bacteria 

consortium enhanced detoxification process. Unlike aerobic studies, poor removal of NAs were 

found in anaerobic studies. For example, Arslan and Gamal El-Din (2021) found toxicity was only 

slightly reduced and 20% of classical NAs were removed, whereas the oxidized NAs persisted in 

the OSPW under anaerobic conditions. Therefore, enhanced understanding of the role of 

indigenous microbes in natural attenuation of NAs is important to improve the efficiency of 

biotreatment of OSPW.  

1.1.2.2 SAGD produced water       

During the SAGD process, injected steam is recovered as produced water on the surface. 

Due to the intensive use of water in the SAGD process, recycling the produced water to regenerate 

steam is essential for both the protection of environment and minimizing operational costs. With 

the purpose of recycling SAGD produced water as boiler feed water (BFW) for steam generation, 

further treatment is required after removing bitumen (Fatema et al., 2015). The de-oiled SAGD 

produced water is generally characterized by high levels of silica (150-400 mg/L as SiO2), calcium 

hardness (5-150 mg/L as CaCO3), magnesium hardness (5-75 mg/L as CaCO3), total dissolved 

solids (TDS) (1000-2500 mg/L) and total organic carbon (TOC) (150-800 mg/L as C) (Sadrzadeh 
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et al., 2018; Zhang, K. et al., 2021). The typical conditions of SAGD produced water are slightly 

basic pH (7-8) and high temperature (80-90 °C) (Sadrzadeh et al., 2015).  

In the conventional softening treatment process, the de-oiled water is introduced to the 

warm lime softening (WLS)/hot lime softening (HLS) treatment unit with addition of hydrated 

lime (Ca(OH)2), magnesium oxide (MgO), soda ash (Na2CO3), coagulant and flocculant under 

high temperature and high pressure to reduce the pollutant contents (turbidity, silica, hardness) 

(Heins, 2010). The main challenges for conventional treatment process are the limited reduction 

of silica and dissolved organics, which have been found to be the predominant causes of fouling 

in boilers and heat exchangers (Jennings and Shaikh, 2007). Therefore, various technologies, 

including membrane filtration (Karami et al., 2020), adsorption (Veksha et al., 2016), and 

coagulation-flocculation (Mohammadtabar et al., 2019), have been developed to enhance the 

removal of organics and silica in produced water. Among these technologies, coagulation-

flocculation, although regarded as a conventional technique, is still considered as a promising and 

essential technology for separating colloidal impurities from SAGD produced water (Li et al., 

2022).  

1.1.3 Polymer application 

In order to recover water and reduce the amount of tailings stored in ponds, large scale 

dewatering technologies have been applied (Vedoy and Soares, 2015). Currently, most of 

dewatering technologies rely heavily on the flocculation capacity of commercial polymer-based 

flocculants, among which anionic polyacrylamide (A-PAM) with molecular weight averages of 

several million daltons is one of the most common flocculants (Wang et al., 2016). Given the major 

particles in tailings ponds are sands, grains, and clay fines, which normally have negative surface 

charges in a neutral or alkaline solution, it is believed that bridging is the main flocculation 
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mechanism for A-PAM (Lin et al., 2017; Ovenden and Xiao, 2002). As a necessary step of bridging 

flocculation, adsorption of A-PAM onto the negative particle surface is mainly due to the 

formation of salt linkage (covalent bonding), in which the presence of a small amount of divalent 

cations (Ca2+ and Mg2+) could promote the adsorption via overcoming the electrical repulsion and 

linking two negatively charged surfaces (Vedoy and Soares, 2015; Williams, 2008). Besides salt 

linkage, there are other possible adsorption mechanisms including hydrogen bonding between the 

hydrogen atoms on the acrylamide groups and oxygen atoms on the surface particles, and 

electrostatic attraction cause by the spatial inhomogeneity of surface charges on particles, creating 

attractive regions for an extra opportunity for A-PAM adsorption (Long et al., 2006; Samoshina et 

al., 2003).  

For treating SAGD produced water in WLS process, polymer-based coagulants and 

flocculants are applied to destabilize the suspended particles to promote their aggregation and 

settling. Cationic epichlorohydrin-dimethylamine (epi-DMA) and poly-

diallyldimethylammonium chloride (Poly-DADMAC) are widely used as coagulants and 

cationic/anionic polyacrylamide as flocculants (Li et al., 2022; Zeng et al., 2016). As most 

colloidal impurities in SAGD produced water are negatively charged, electrostatic patch and 

bridging have been suggested as two main mechanisms of coagulation-flocculation by polymers 

(Bratby, 2006; Ji et al., 2013). Although previous studies have demonstrated that the performance 

of polymer-based coagulants and flocculants are impacted by various factors including pH, 

temperature, dissolved organics, solution salinity, particles concentration and their surface charge 

(Bratby, 2006; Ji et al., 2013; Zhang, L. et al., 2021), the effect of multiple physiochemical and 

operational parameters in complex SAGD produced water remains little-known. Therefore, a 

quantitative understanding of the impact of operations (mixing, dose, temperature) and solution 
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chemistry on the performance of coagulation-flocculation by polymers is of great significance for 

SAGD produced water treatment processes. 

1.1.4 Polymer degradation 

With the large application of PAM in tailings treatment, there is a rising concern about the 

products from PAM degradation and residual acrylamide (AMD), which is the monomer contained 

in the PAM-based flocculants and has been reported as a neurotoxin to humans (K. Labahn et al., 

2010; McCollister et al., 1964). Although commercial PAM typically has a very high molecular 

weight, it can degrade through various mechanisms such as mechanical, photolytic, chemical, and 

biodegradation (Guezennec et al., 2015; Xiong et al., 2018a). The following section would present 

degradation mechanisms investigated for the PAM in oil and gas industry.  

1.1.4.1 Mechanical degradation 

As one of the most likely degradations in oil and gas industry, mechanical degradation of 

PAM occurs due to many processes such as stirring, pumping, injecting, and moving via porous 

media (Brakstad and Rosenkilde, 2016; Guezennec et al., 2015). Mechanical degradation has been 

reported to be affected by many factors such as the salinity of solution and polymer viscosity 

(Karami et al., 2018; Mansour et al., 2014). Irreversible changes of PAM have been observed from 

mechanical degradation, including viscosity reduction, bond scission and formation of free radicals 

(Avadiar et al., 2013; Mansour et al., 2014; Nguyen and Boger, 1998). However, there are no 

studies that detected AMD during the mechanical degradation of PAM.  

1.1.4.2 Chemical degradation       

Although exploring the pathway for chemical degradation is complex due to infinite 

number of reaction conditions that PAM can be exposed to, the reactivity of the amide group in 

PAM is the main focus. PAM can undergo hydrolysis under both acidic and basic conditions. 
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Given that most wastewater produced from oil and gas industry are alkaline solutions, we only 

focused on the hydrolysis of PAM under basic conditions. As shown in Fig.1.1, the reaction 

involved in alkaline hydrolysis starting from the nucleophilic addition of hydroxide to the amide 

carbonyl, followed by the production of acrylic acid residue by eliminating the amide ion (-NH2
-). 

The amide ion subsequently removes a proton from the acrylic acid residue to produce more stable 

ammonia and carboxylate anions. In addition, the bottom portion of Fig 1.1 shows the equivalency 

between the carboxylic anions and the overall ammonia concentration and the concentration of 

ammonium ion on which the determination of the hydrolysis degree is determined (Caulfield et al., 

2002; Ilavsky et al., 1984). 

 

Figure 1.1 Hydrolysis of PAM under alkaline conditions. 

In addition to hydrolysis, the chemical degradation through the action of free radicals has 

also been well studied (Carman and Cawiezel, 2007; Jouenne et al., 2017; Lu et al., 2012; Ramsden 

and McKay, 1986a; Xiong et al., 2018b). Among different free radicals, hydroxyl radicals are the 
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most commonly generated from the natural environments. Unlike hydrolysis, free radical induced 

chain scission has been reported to reduce the molecular weight of PAM without releasing AMD. 

Generally, as demonstrated in Eq. 1.1-1.4, hydroxyl radicals directly attack the polymer backbone 

through hydrogen abstraction, generating polymer radicals (ὖϽ) which can react with dissolved 

oxygen to form polymer peroxyl radicals (ὖὕϽ). After a bimolecular reaction between two polymer 

peroxyl radicals, chain breakage will occur and polymer fragments (ὊϽ and Ὂ) will be formed 

(Gröllmann and Schnabel, 1982). 

ὖὌ ὌὕϽᴼὖϽ Ὄὕ ρȢρ 

ὖϽ ὕ ᴼὖὕϽ ρȢς 

ςὖὕϽᴼὖὕὕὕὕὖOςὖὕϽ ὕ ρȢσ 

ὖὕϽᴼὊϽ Ὂ ρȢτ 

Numerous studies have highlighted the crucial role of dissolved oxygen and Fe2+ in the chemical 

degradation of PAM under specific environmental conditions like temperature and pH (Jouenne et 

al., 2017; Ramsden and McKay, 1986b; Seright and Skjevrak, 2015). When the dissolved oxygen 

is absent, the viscosity of PAM is stable at room temperature, whereas with interactions between 

oxygen and dissolved Fe2+, hydroxyl radicals can be generated by autoxidation under acidic 

conditions.  

1.1.4.3 Photolytic degradation       

Similar to chemical degradation, photolytic degradation is also based on reactions of free 

radicals generated from light exposure (Caulfield et al., 2002). The irreversible changes of 

photolytic degradation include bond scission and formation of lower molecular weight of polymer 

fragments. Different studies have reached different conclusions when it comes to the production 
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of AMD during photo-degradation of PAM. For example, Woodrow et al. (2008) observed the 

release of AMD from the acidic/neutral solution of A-PAM and Fe3+ exposed to a UV irradiation. 

However, Holliman et al. (2005) did not detect AMD in the samples of field-conditioned PAM 

exposed to 365-nm UV radiation in a daily light-black cycle for 5 months. Therefore, further 

experiments on photolytic degradation of PAM in environmental conditions in the presence of 

mineral particles are needed. 

1.1.4.4 Biological degradation       

Since microorganisms can utilize the amide group of PAM as a nitrogen and/or carbon 

source, biodegradation of PAM can occur in both aerobic and anaerobic conditions (Liu et al., 

2012; Wen et al., 2010; Zhao et al., 2016). Given the high molecular weight of PAM, extracellular 

amidases are necessary for PAM to pass through biological membranes prior to their utilization 

(Guezennec et al., 2015). Various microorganisms, such as Enterobacter aerogenes, Rhodococcus 

sp., Helicobacter pylori, Bacillus sp., Acinetobacter sp., Azomonas sp., Pseudomonas sp., and 

Chlostridium sp., have been reported to express PAM-induced amidases (Caulfield et al., 2002; 

Joshi and Abed, 2017; Ma et al., 2008). It was reported that the aerobic degradation process is 

relatively faster than the anaerobic degradation process (Zhao et al., 2016). Furthermore, no AMD 

release has been observed thus far in aerobic culture media, while generated AMD from anaerobic 

biodegradation of PAM has been documented in studies (Liu et al., 2012; Wang et al., 2018; Zhao 

et al., 2016). Although a large amount of studies focused on biodegradation of PAM, the reaction 

pathway under both aerobic and anaerobic conditions for the microbial degradation is still not 

clearly identified. Hence, it is worthwhile to further investigate the mechanism and impact factors 

for the biodegradation of PAM in wastewater from oil and gas industry. 
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1.2 Research scope and Objectives 

The overall objective of this research was to investigate the fate of polymer-based 

coagulants/flocculants in different wastewater from oil and gas industry and to provide 

fundamental information for their future application on wastewater treatment. To achieve the aim 

of the project, four sub-objectives were developed and are listed below: 

Specific objective 1: Removal of colloidal impurities from synthetic SAGD produced water by 

using polymeric coagulants/flocculants under high temperature 

(1) To assess the effects of operational conditions on the performance of softening-

coagulation-flocculation by using poly-DADMAC as coagulant and cationic PAM as 

flocculant under high temperature (80 °C) 

(2) To investigate the interaction effects among operational variables 

(3) To optimize the operational conditions  

(4) To study the removal mechanisms under different temperatures 

Specific objective 2: Long-term fate of dissolved organics in OSPW under various controlled 

conditions 

(1) To evaluate the effect of controlled conditions (temperature, oxygen and ozone pre-

treatment) on physicochemical parameters and NAs degradation in OSPW  

(2) To investigate the correlation between NAs concentration and other water quality 

parameters in OSPW 

(3) To identify key microorganisms involved in NAs degradation  

Specific objective 3: Anionic polyacrylamide (A-PAM) degradation in oil sands tailings under 

aerobic conditions 
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(1) To compare the degradation of A-PAM under different temperatures and microbial 

conditions 

(2) To identify the main products of A-PAM degradation 

(3) To examine the effects of A-PAM degradation on the chemistry of tailings water 

(4) To explore the potential pathway for A-PAM degradation under aerobic conditions 

Specific objective 4: Biodegradation of anionic polyacrylamide in oil sands tailings under 

anaerobic conditions 

(1) To investigate the effect of A-PAM dosage on methane production, organic 

transformation and solid phase during anaerobic degradation 

(2) To determine the responsible microbial community for biodegradation of A-PAM 

(3) To propose the potential biodegradation mechanisms of A-PAM under anaerobic 

conditions 

1.3 Research significance and hypotheses 

Both surface mining and in situ processes for bitumen extraction generate a large amount 

of wastewater. In order to treat these wastewater, polymer-based coagulants/flocculants are widely 

applied in different technologies. However, knowledge about the characteristics of wastewater and 

the stability of polymers during long-term storage, as well as interactions between polymers and 

impurities in wastewater is still limited. An enhanced understanding of these fundamentals could 

promote the treatment efficiency of wastewater and eventually be utilized within the framework 

of meaningful guidance for wastewater management in oil and gas industry. Therefore, in this 

research, the natural attenuation of OSPW and the fate of polymer-based coagulants/flocculants in 
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oil sands tailings and SAGD produced water were explored. The following hypotheses were tested 

in this research: 

(1) The effects of temperature on performance of softening-coagulation-flocculation 

Hypothesis: Higher temperature will promote the performance of softening-coagulation-

flocculation via affecting the removal mechanisms. 

(2) The important operational variables for the performance of softening-coagulation-

flocculation 

Hypothesis: Compared to other operational variables, coagulant dose and softening time 

with softeners only will be the most important factors. 

(3) The effects of temperature on the attenuation of OSPW during long-term storage 

Hypothesis: Reduction of NAs concentration, TOC, COD, and toxicity will be faster in 

aged OSPW stored at 20 °C than in aged OSPW at 4 °C.  

(4) Important impact factors for the attenuation of OSPW during long-term storage 

Hypothesis: Temperature and oxygen will be crucial factors that affect the characteristics 

of OSPW during natural attenuation. 

(5) The effects of temperature and microbial conditions on degradation of A-PAM in oil sands 

tailings under aerobic conditions 

Hypothesis: Lower molecular weight and concentration of degraded A-PAM will be 

observed under higher temperatures and augmented microorganisms. 

(6) The main products of A-PAM degradation in tailings under aerobic conditions 

Hypothesis: AMD will not be released from A-PAM degradation under aerobic conditions, 

ammonium and polymer fragments with lower molecular weight will be detected. 

(7) The effects of A-PAM dosage on the biodegradation of A-PAM under anaerobic conditions 
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Hypothesis: A-PAM with lower dosages would have a faster degradation than A-PAM with 

higher dosages under anaerobic conditions. 

(8) The effects of A-PAM biodegradation on the toxicity of tailings under anaerobic conditions 

Hypothesis: No significant impact of A-PAM biodegradation on both acute toxicity and 

genotoxicity of tailings will be found. 

1.4 Thesis organization 

This thesis consists of seven chapters that were logically organized according to the 

research objectives presented above.  

Chapter 1 provides a general introduction including the research background, objectives, 

hypotheses, and research significance. Chapter 1 covers a brief review of bitumen extraction, 

characteristics of wastewaters, polymer application and degradation. 

Chapter 2 is the literature review regarding the use of coagulation-flocculation for 

removing silica and organics from SAGD produced water. Chapter 2 highlights the literature 

pertaining to the characteristics of silica and organics, as well as different coagulants and 

flocculants.  

Chapter 3 presents the performance of thermal softening-coagulation-flocculation-

sedimentation to remove colloidal impurities from SAGD produced water, focusing on the 

interaction effects of operational variables and removal mechanisms. First, synthetic SAGD 

produced water was prepared based on information obtained from industry and jar testers with 

heaters and temperature controller were applied to conduct the coagulation-flocculation 

experiments. The interaction effects were studied by applying response surface methodology 
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(RSM). The removal mechanisms were proposed according to the results of floc characterization 

and surface measurement.  

Chapter 4 describes the fate of dissolved organics in OSPW during 4-year storage under 

different controlled conditions. Different OSPW samples (raw, ozonated) were stored at different 

temperatures (4 °C and 20 °C) and oxygen levels (oxic and anoxic). The degradation of NAs was 

detected by time-of-flight mass spectra (TOFMS). The toxicity of OSPW was evaluated using the 

Allivibrio fischeri (A. fischeri) toxicity screening test. The microbial community in different layers 

in reactors stored under different conditions were compared to find the microorganisms that are 

responsible for NAs degradation. 

Chapter 5 investigates the degradation of anionic polyacrylamide in oil sands tailings under 

aerobic environment. The effects of temperature and microorganisms on polymer degradation in 

both tailings water and pure polymer solution were studied to better understand the degradation 

performance of polymer. In addition, the impact of polymer degradation on water chemistry of 

tailings, especially acute toxicity and genotoxicity were also well explored. The mechanism of 

aerobic biodegradation of polymer were outlined based on the detected products.  

Chapter 6 illustrates the results of anaerobic biodegradation of anionic polyacrylamide in 

oil sands tailings. Different amounts of polymer were added into the oil sands tailings with extra 

microorganisms collected from the anerobic digester of a municipal wastewater plant to study the 

effect of initial polymer concentration on biodegradation of the polymer. Methane, intermediates 

and microbial community were investigated to better understand the degradation performance. The 

potential metabolic pathways for producing different volatile fatty acids (VFAs) from the 

intermediates of A-PAM degradation were proposed. 
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Chapter 7 summarizes the major findings and conclusions of the thesis. Furthermore, 

recommendations for future work that arise from this thesis are also outlined in this chapter. 
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CHAPTER 2 LITERATURE REVIEW ON COAGULATION -

FLOCCULATION FOR ORGANICS AND SILICA REMOVAL IN STEAM 

ASSISTED GRAVITY DRAINAGE PRODUCED WATER 1  

2.1 Introduction 

In the SAGD process, 0.2 barrels of fresh water were needed for every barrel of bitumen 

production in 2019 (COSIA). More than 90% of the produced water is recycled after treatment, 

while the remaining 10% is made up of fresh water (Guha Thakurta et al., 2013; Kawaguchi et al., 

2012; Lightbown, 2015; Maiti et al., 2012). SAGD produced water requires treatment prior to 

being recycled as boiler feed water (BFW) for steam generation (Fatema et al., 2015; Jennings and 

Shaikh, 2007). In the conventional softening treatment process (Figure 2.1), once-through steam 

generators (OTSGs) are applied to produce steam. In order to meet the feed water requirement of 

OTSGs (SiO2 < 50-75 mg/L, total hardness < 0.5 mg/L as CaCO3, oil and grease < 0.5-1 mg/L) 

(Fatema et al., 2015), the de-oiled water (DOW) will be mixed with make-up water (fresh and/or 

brackish) and recycled boiler blow-down (BBD) water, and then treated by warm lime softening 

(WLS)/hot lime softening (HLS) process or alternatively, evaporators in some facilities. 

Subsequently, filtration and weak-acid cation (WAC) exchange resin are applied to remove 

suspended solids and residual divalent ions, such as calcium (Ca2+) and magnesium (Mg2+), to 

produce boiler feedwater (BFW) suitable for steam generation (Ku et al., 2012; Sadrzadeh et al., 

2015). Although OTSGs can tolerate a high amount of TDS (8000-12000 mg/L) and TOC (300-

1000 mg/L), the steam quality of OTSGs is low (typically 75-85%) compared to drum boilers 

                                                           
1 This chapter is based on the published paper: Li J, How ZT, Zeng H, Gamal El-Din M. Treatment Technologies for 

Organics and Silica Removal in Steam-Assisted Gravity Drainage Produced Water: A Comprehensive Review. 

Energy & Fuels. 2022; 36(3):1205-31. 
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(100%), resulting in the BBD water flow being ~15-25% of the BFW rate (Sadrzadeh et al., 2018). 

A portion of BBD water is recycled back to the WLS process, while the rest is discarded 

(Hayatbakhsh et al., 2016).  

Due to the limited removal of silica and organics by conventional processes (Sadrzadeh et 

al., 2018) and the increasing stricter policy on reduction of freshwater usage (Alberta Energy 

Regulator, 2019), there are increasing interests in enhancing the removal of organics and silica in 

produced water. This literature review summarizes the chemistry of SAGD produced water, 

focusing on the organics matter and silica, and evaluates different coagulants and flocculants for 

removing the silica and organics from produced water. 

 

Figure 2.1 Flow diagram of conventional SAGD produced water treatment process (Kawaguchi 

et al., 2012). 
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2.2 Silica and organics in SAGD produced water 

Due to the complex chemistry of silica and dissolved organics in SAGD produced water, 

the following section discusses the basic properties of silica in water and the interaction between 

silica and softener magnesium oxide; while the organic section describes the reason for high 

dissolved organic content in produced water and also compares different types of organics in 

different SAGD produced waters. 

2.2.1 Silica 

Silica and silicates are generic names for the family of silicon dioxide-related compounds 

which are derived from the dehydration-polymerization of monosilicic acid (Si(OH)4) (Ning, 

2005). They are commonly categorized as reactive soluble, non-reactive soluble (colloidal) and 

non-reactive insoluble (particulate) in waters (Ning, 2003). The initial soluble form of silica, 

monosilicic acid, is generally deionized at acidic and neutral pH levels, but at pH 10, 50% of the 

monosilicic acid is ionized (Bouguerra et al., 2007; Sheikholeslami and Tan, 1999). With the 

increase in concentration of the monosilicic acid (> 2×10-3 mol/L) under room temperature (25 °C), 

polysilicic acids of small molecules as dimers, trimers, or oligomers are formed via polymerization 

and then colloidal silica, a more highly polymerized species with particles larger than 50 Å down 

to 10-20 Å, will be formed (Bouguerra et al., 2007; Sheikholeslami and Tan, 1999). The colloidal 

silica includes the colloidal particles formed by the combination with organic and inorganic species 

(Sheikholeslami and Tan, 1999). Due to the varied surface properties and the host of ubiquitous 

organic and inorganic colloidal particles, the interactions among colloidal silica are complicated 

and difficult to characterize and predict (Ning, 2003). Conversely, particulate silica is larger than 

colloidal silica (Latour et al., 2014). The rate of silicic acid polymerization is strongly affected by 

pH and polymerization reaction concentration. For example, the polymerization rate is fast when 
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the solution is neutral or slightly alkaline (6 < pH < 9) and will continue to increase until the 

monomeric silica concentration falls to the solubility of amorphous silica. However, when pH 

drops to 2-3, the polymerization rate decreases (Chan, 1989; Ning, 2003). 

Under high pH (9.5-10.5) and high temperature (80-90 °C) conditions, it is reported that 

silica mostly exists as dissolved silicate and is negatively charged in SAGD produced water (Maiti 

et al., 2012; Sadrzadeh et al., 2015; Zhang et al., 2021). As mentioned earlier, silica can deposit 

on the surface of equipment as solid fouling layers (Maiti et al., 2012). It is well known that the 

silica fouling can be exacerbated via forming silicates with the presence of di- and trivalent cations 

such as calcium, aluminum, iron, and magnesium (Graham et al., 1989). Therefore, softeners and 

downstream ion exchange units are used to remove these metal ions so that the formation of silicate 

scale can be minimized and MgO is added for the removal of silica in the WLS and HLS processes 

(Alambets, 2014; Sahachaiyunta et al., 2002). Although dissolved organic matter (DOM) can also 

react with silica, based on studies of interaction of DOM with silica and silicates in SAGD 

produced water, it could not be concluded definitely that the formed scales are mainly due to the 

precipitation of DOM-Si complexes (Fatema et al., 2015; Maiti et al., 2012). 

In the WLS/HLS process, MgO addition is to interact with silica and precipitate silica 

compounds from the SAGD produced water. However, the silica removal mechanism has not been 

fully established (Perdicakis et al., 2019). For silica removal using magnesium compounds during 

softening in SAGD produced water, two possible competing mechanisms of silica removal were 

proposed: adsorption onto freshly precipitated Mg(OH)2 or precipitation by forming magnesium 

silicate precipitates (Parks and Edwards, 2007; Zhang et al., 2021). Different reaction conditions 

may make one mechanism dominate over the other. As shown in Table 2.1, pH, the type of 

magnesium compounds and initial molar ratio of Mg:Si were the most significant factors affecting 



32 
 

the silica removal mechanism by magnesium compounds compared to other parameters such as 

contact time, temperature, and initial silica concentration. 

Table 2.1 Dominant mechanism of silica removal by magnesium compounds under different 

conditions. 

Conditions 

Dominant 

mechanism 

Reference 
Magnesium 

compounds 

Initial 

molar 

ratio 

Mg:Si 

pH 

Initial silica 

concentration 

(mg/L) 

Temperature 

(°C) 

Contact 

time 

(min) 

MgCl2 ~1 

11.2-

11.3 

250 85  60 

Magnesium 

silicate 

precipitation 

(Zhang et 

al., 2021) 

MgOH2 1.4 

11.2-

11.3 

250  85 60 Adsorption 
(Zhang et 

al., 2021) 

Non-slaked 

MgO 

2 

11.2-

11.3 

250 85 60 

Magnesium 

silicate 

precipitation 

(Zhang et 

al., 2021) 

Slaked MgO 2 

11.2-

11.3 

250 85 60 Adsorption 
(Zhang et 

al., 2021) 

MgO 1-1.5 

8.2-

9.5 

260 25-50 1440 

Magnesium 

silicate 

precipitation 

(Latour et 

al., 2015) 
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MgOH2 > 22 >9 21  25 20 Adsorption 
(Chen et 

al., 2006) 

MgCl2 < 6 10.8 12 - 50 

Magnesium 

silicate 

precipitation 

(Parks and 

Edwards, 

2007) 

 

2.2.1 Organics 

Similar to other produced waters in the oil and gas industry, such as oil sands process 

waters (OSPW) from surface mining, SAGD produced water collected in the oil sands region 

already contains high levels of DOM due to the unique composition of the geological formation 

(Hurwitz et al., 2015; Maiti et al., 2012; Pillai et al., 2017). During the separation of oil and water, 

chemicals like diluents and subsequent pH increase during softening in conventional treatment 

may lead to the solubilization of a broader range of organic matter into the SAGD produced water 

(Guha Thakurta et al., 2013). Moreover, the limited ability of conventional treatment to remove 

DOM can result in higher concentrations of dissolved organic carbon (DOC) in the BBD water 

(typically >2000 mg/L as carbon) (Guha Thakurta et al., 2013; Pillai et al., 2017). Increased water-

soluble organics (WSO) and TDS concentrations in BBD water occur using conventional treatment 

processes, without any treatment of the BBD water, and as more BBD water is recycled. Although 

extensive literature is available on the chemical characteristics of OSPW (Gamal El-Din et al., 

2011; Huang et al., 2015; Li et al., 2017; McQueen et al., 2017; Pourrezaei et al., 2014), knowledge 

of the nature and effects of DOM in SAGD applications is not well-understood (Guha Thakurta et 

al., 2013; Kawaguchi et al., 2012). Additionally, the nature of DOM in SAGD produced water may 

be different from the OSPW DOM due to different oil-sands characteristics and extraction process 
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(Guha Thakurta et al., 2013). For instance, SAGD process employs higher temperatures (200-

250 °C) and pressures (ca. 3.5 MPa) than the surface mining process, which requires moderate 

temperature (70-90 °C) and atmospheric pressure (Guha Thakurta et al., 2013). The addition of 

diluent in SAGD emulsion (oil-water mixture) may also contribute to the difference (Guha 

Thakurta et al., 2013). 

By using resin fractionation, the DOM in SAGD produced water can be separated into six 

hydrophobic and hydrophilic fractions: hydrophobic acid (HPoA), hydrophobic base (HPoB), 

hydrophobic neutral (HPoN), hydrophilic acid (HPiA), hydrophilic base (HPiB), and hydrophilic 

neutral (HPiN) (Edzwald and Association, 2011). Guha Thakurta et al. (2013) tested three different 

resins, including DAX-8, strongly acidic cation exchanger resin, and highly porous weak base 

anion resin, for the fractionation of DOM in BBD water. Based on the percentage contribution of 

TOC in Figure 2.2, HPoA and HPiN are the dominant dissolved organic fractions in the BBD 

water, constituting 39% and 28%, respectively, while the other four fractions constitute the 

remaining 33%. The percent aromaticity of DOM has been shown to have strong correlation to 

specific UV absorbance (SUV254) values. As shown in Figure 2.3, BBD water and its HPoA and 

HPoN fractions had higher SUV254 values (4.3, 5.0 and 4.0 L mg-1 m-1, respectively), which 

indicated that BBD water and its hydrophobic acid and neutral fractions were rich in aromatic 

content.  
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Figure 2.2 Distribution of DOM fractions in DOW, BFW, and BBD water samples from 

different SAGD plants. 
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Figure 2.3 SUVA254 values of raw DOW, BFW, and BBD water samples and their fractions 

from different SAGD plants (SUV254 >4: predominantly aromatic compounds; SUV254 2-4: 

mixture of aromatic and aliphatic organic matter; SUV254 <2: predominantly aliphatic 

compounds). 



37 
 

In addition, fluorescence excitation-emission matrix (FEEM) spectroscopy was also used 

to characterize the fractions (hydrophobic and hydrophilic) of SAGD produced water. The 

fluorescence peak intensities of fluorophores of DOM in different SAGD produced water and of 

different fractions isolated from BBD water are compared in Table 2.2. Although the range of 

peaks varied between WLS and BBD in different studies, dominant peaks of tryptophan-like, 

fulvic-like and humic-like signatures can be found in both WLS and BBD water, suggesting that 

majority of organic components contain humic-like, fulvic-like and tryptophan-like structural 

features (Fatema et al., 2015; Guha Thakurta et al., 2013; Hayatbakhsh et al., 2016; Pillai et al., 

2017). In terms of DOM fractions isolated from BBD water via the resin-based method, both Guha 

Thakurta et al. (2013) and Pillai et al. (2017) revealed the presence of humic- and fulvic-like 

structural elements in HPoA and HPiA, and of tryptophan-like structures in HPoB. However, the 

observation of HPoN and HPiN fractions in these two studies were inconsistent. Signatures of 

tyrosine-like and tryptophan-like molecules were found in HPoN by Guha Thakurta et al. (2013) 

while fulvic- and humic-like structures were mainly distributed in HPoN in the study of Pillai et 

al. (2017). The reasons for these differences are still unknown but the assumption could be related 

to the variability of produced water from different plant operations and the source bitumen. 

Table 2.2 Summary of FEEM peaks of WLS, BBD water and its fractions from the research 

literature. 

Water 

Type 
Fraction 

Peaks location (Ex/Em 

wavelength nm) 
Chem nature Reference 

WLS - 220-350/350-450 
Tryptophan-like; 

fulvic-like; humic-like 

(Hayatbakhsh et 

al., 2016)  

BBD - 
205-250/375-450 and 300-

340/375-480 

Tryptophan-like, 

fulvic-like, humic-like 

(Fatema et al., 

2015) 
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BBD - 
250/375-425 and 300-340/375-

480 

Tryptophan-like, 

fulvic-like, humic-like 

(Guha Thakurta 

et al., 2013) 

BBD HPoA 310-340/400-500 Humic-like 
(Guha Thakurta 

et al., 2013) 

BBD HPoA 300-350/380-460 Humic-like 
(Pillai et al., 

2017) 

BBD HPoN 225-250/325-380 
Tyrosine-like, 

tryptophan-like 

(Guha Thakurta 

et al., 2013) 

BBD HPoN 225-275/325-460 Fulvic-like, humic-like 
(Guha Thakurta 

et al., 2013) 

BBD HPoB 260-290/280-320 Tryptophan-like 
(Guha Thakurta 

et al., 2013) 

BBD HPoB 225-250/375-425  Tryptophan-like 
(Guha Thakurta 

et al., 2013) 

BBD HPiA 320-375/375-500 Humic-like 
(Guha Thakurta 

et al., 2013) 

BBD HPiA 300-350/380-460 Humic-like 
(Guha Thakurta 

et al., 2013) 

BBD HPiN 210-225 and 250-275/280-320 Tyrosine-like 
(Guha Thakurta 

et al., 2013) 

BBD HPiB 
210-225/275-310 and 210-

225/325-400 

Tyrosine-like, 

tryptophan-like 

(Guha Thakurta 

et al., 2013) 

   

Advanced analytical techniques such as GC-MS, FT-ICR-MS and TOF-MS were applied 

to better define the families of dissolved organic species in SAGD produced water. Kawaguchi et 

al. (2012) analyzed the DOM in different SAGD produced water by GC-MS and their results 

demonstrated that organic acids and volatile organic compounds (VOCs) were the predominate 

organics in the produced water, WLS feed water, and BFW, whereas only organic acids were most 

abundant in the BBD water because most of the VOCs were significantly removed through steam 

generation. Pereira et al. (2013) found over 3000 elemental compositions corresponding to a range 

of heteroatom-containing homologue classes in BBD water by applying HPLC-Orbitrap-MS. As 

shown in Figure 2.4, classes of Ox and SOx were more abundant than NOx and S2Ox species in 
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BBD water. Similar results of heteroatom class analysis were also found by Pillai et al. (2017). 

Besides, by comparing different SAGD produced waters, naphthenic acids (NAs) and larger 

carboxylic acids were found in all water samples and the relative amounts of acidic compounds 

increased from BFW to BBD. Among organic acids in SAGD produced water, organic acids with 

2ī3 oxygen atoms represented the majority of the species. 

 

Figure 2.4 Heteroatom class analysis for de-oiled water DOW, Boiler feed water BFW and 

blowdown water BBD acquired by ESI (-) HPLC-Orbitrap-MS or FT-ICR-MS. 

2.3 Coagulation-flocculation for removal organics and silica 

Various technologies, such as membrane technologies and adsorption, have been 

developed to treat SAGD produced water (Atallah et al., 2019; Kimetu et al., 2016). Coagulation-

flocculation, although regarded as a conventional technique, is still one of the most widely applied 
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technologies to remove suspended and dissolved particles, colloids and organic matter in various 

wastewater owing to its low energy consumption, easy operation, and relatively simple design 

(Renault et al., 2009; Wu et al., 2019). Coagulation is the process to destabilize colloidal particles 

by adding coagulants and mixing rapidly to promote agglomeration, while flocculation is the 

process to enhance agglomeration by slow stirring to form larger flocs that can settle down quickly 

and are subsequently removed (Prakash et al., 2014). Coagulation and flocculation aim to 

destabilize the colloidal particles by diminishing the repulsive force and zeta potential between the 

colloidal particles (Hogg, 2005; Metcalf, 2003; Reynolds and Richards, 1995). Charge 

neutralization, interparticle bridging, electrostatic patch and sweep/enmeshment coagulation are 

the main mechanisms for destabilization. The characteristics of each destabilizing mechanism are 

illustrated in Figure 2.5. These mechanisms are determined by water characteristics, type and doses 

of coagulant/flocculant, and also treatment conditions such as design of mixing devices (Parsons 

and Jefferson, 2006). 
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Figure 2.5 Characteristics of destabilizing mechanism for coagulation/flocculation (Sharma et 

al., 2006; Wills and Finch, 2015). 

Since coagulation/flocculation is a well-established method to destabilize and aggregate 

colloids, the emerging interests are in regard to exploring promising coagulants and flocculants for 

various wastewater treatment (Mohd-Salleh et al., 2019; Sillanpaa et al., 2018; Zeng, et al., 2007b). 

Generally, coagulants can be classified into inorganics (metal salts) and organics (mainly 

polymers), while flocculants are polymers that can be classified as synthetic, natural and grafted. 

In order to make the discussion below easier, coagulants and flocculants together are classified 

into two categories: chemical and natural. In SAGD produced water treatment, the performance of 

different coagulants and flocculants are summarized in Table 2.3. 

Table 2.3 Summary of coagulants and flocculants applied in SAGD produced water treatment. 

Coagulant Flocculant 
Water 

type 

Temperature 

(°C) 

Feed 

pH 

Optimal 

removal 
Mechanism Reference 

Al(NO3)3 - 
Produced 

water 
80 12 

33% of 

TOC 

(pH: 3.7) 

Surface 

neutralization; 

localized 

enmeshment 

coagulation 

 

(Al -As'ad and 

Husein, 2014) 

FeCl3 - 
Produced 

water 
80 12 

73% of 

TOC 

(pH:1.6) 

>80%of 

silica 

(pH:7.9) 

 

Surface 

neutralization; 

localized 

enmeshment 

coagulation 

 

(Al -As'ad and 

Husein, 2014) 

Ca(NO3)2 - 
Produced 

water 
80 12 

18% of 

TOC 

(pH:9.1) 

Surface 

neutralization 

 

(Al -As'ad and 

Husein, 2014) 
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IERW - BBD 40, 80 11 

81.8% of 

TOC 

98.6% of 

silica 

 

Surface 

neutralization 

 

(Mohammadtabar 

et al., 2019) 

PAC - BBD 85 12 

40% of 

DOC 

 

Surface  

neutralization; 

precipitation 

of organics in 

acidification 

 

(Hurwitz et al., 

2015) 

Alum 

 
- BBD 85 12 

15% of 

DOC 

 

Surface  

neutralization; 

precipitation 

of organics in 

acidification 

 

(Hurwitz et al., 

2015) 

Epi/DMA 

or poly-

DADMAC 

Anionic 

PAM 

Produced 

water 
95 4 

73% of 

silica 

50% of 

COD 

40% of 

TOC 

99% of O 

& G 

 

- 
(Polizzotti and 

Khwaja, 2011) 

Tannins or 

chitosan 

Cationic 

and 

anionic 

PAM  

Produced 

water 
20-100 4 

75% of 

silica 

54% of 

COD 

42% of 

TOC 

98% of O 

& G 

- 
(Polizzotti and 

Khwaja, 2011) 
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2.3.1 Chemical coagulants and flocculants 

Multivalent metal salts such as aluminum (aluminum sulfate, aluminum chloride and 

sodium aluminate), ferric salts (ferric sulfate, ferrous sulfate and ferric chloride), and magnesium 

chloride are the most commonly used coagulants (Joo et al., 2007). Among them, Al- and Fe-based 

coagulants are the most popular mainly due to low cost, high availability, as well as high efficiency 

to remove turbidity and color (Bratby, 2016). As shown in Table 2.3, Al-Asôad and Husein (2014) 

compared aluminum, calcium and ferric salts as coagulants for treating SAGD produced water 

under high temperature (80 °C). At higher doses (5-30 g/g organic), the removal of TOC by ferric 

(73%) and aluminum salts (33%) were higher than calcium salts (18%) due to much higher 

solubility of Ca(OH)2 than that of Fe(OH)3 and Al(OH)3. Compared to aluminum salts, ferric salt 

was much more effective because the complexes formed by Fe3+ and/or its hydrolysis products 

with organics are more stable and less soluble. Ferric salt also performed effectively to remove 

silica (>80%) from SAGD produced water when the pH was around 8. This can be explained by 

the fact that the bulk precipitation of Fe(OH)3 occurs at pH values of 6-9; Fe(OH)3 precipitate 

would adsorb hydrolysis soluble silica species with negative charge and be forced to precipitate 

(Leong, 2005; Mesmer and Baes, 1990). Magnesium has been also proven to be an effective 

coagulant for removing silica and other contaminants from wastewater at high pH (Latour et al., 

2015; Shamaei et al., 2018; Vandamme et al., 2012; Zeng, et al., 2007a). Mohammadtabar et al. 

(2019) analyzed the use of ion exchange regeneration wastewater (IERW), which contains high 

concentrations of calcium and magnesium, as a coagulant to treat SAGD produced water. The 

authors found out that the efficiency of removing of silica and TOC by IERW can achieve 98.7% 

and 81.3%, respectively. In addition, the study also demonstrated that larger precipitated flocs and 
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enhanced coagulation process can be achieved by using mixing and increasing the temperature and 

dosage of the IERW.  

Inorganic polymers such as poly(aluminum chloride) (PAC) are commonly used as 

synthetic inorganic coagulants in conventional wastewater treatments (Cao et al., 2011; Gao et al., 

2003). The main mechanisms for these inorganic polymers to remove organics are adsorption, 

entrapment, complexation, and charge neutralization to a lesser extent (Cheng and Chi, 2002). 

Compared to the aluminum and ferric salts, the inorganic polymeric coagulants showed better 

removal efficiency of organics at high pH (Cheng et al., 2008). For example, Hurwitz et al. (2015) 

evaluated PAC and alum as coagulants to remove DOC from BBD at an elevated temperature of 

85 °C. Based on the results from jar tests, there was an observable improvement in organic removal 

by PAC (40%) over generic alum (15%), especially at higher pH (12) (Table 2.3). The superior 

performance of PAC as compared to alum may have been due to the fact that when the pH was 

high, PAC had higher positively charged Al-species and higher positive charge density on Al-

precipitate surfaces than alum (Pernitsky and Edzwald, 2006). 

Organic polymers are the sole class of coagulants or flocculants used in the SAGD 

industries because they have effective function at wider pH and water temperature ranges. The 

nature of charges followed by molecular weight and charge density are important factors for their 

coagulation or flocculation performance (Lee et al., 2014). When used as coagulants, the 

advantages of organic polymers over inorganic metal salts are significant, including the need for 

less coagulant dosage, less sensitive to pH, less sludge volume, and less metallic compound 

residuals (Gao et al., 2008). The removal efficiency from organic polymeric coagulants is 

generally higher than that of inorganic polymers. Epichlorohydrin-dimethylamine (epi-DMA) and 

poly-diallyldimethylammonium chloride (poly-DADMAC) are common cationic polymers used 
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as coagulants. When used as flocculants, organic polymers are preferred because they are 

convenient to use, easily to dissolve in an aqueous system, independent of pH, efficient at lower 

doses, and capable of producing larger and stronger flocs (Lee et al., 2014). Common organic 

flocculants are polyacrylamide (PAM) and polyamine. In SAGD produced water treatment, 

cationic polymeric coagulant coupled with PAM flocculant have been applied. Polizzotti et al. 

(2011) have patented a treatment process that employs cationic epi-DMA and poly-DADMAC as 

coagulants and polyacrylamide (cationic and anionic) as flocculants to reduce chemical oxygen 

demand (COD), TOC, oil and grease, and silica from SAGD produced water at 95 °C. Promising 

results of high removal efficiency of COD (50%), TOC (40%), silica (73%) and oil & grease (99%) 

were observed by using cationic epi-DMA as coagulant with anionic PAM as flocculant (Table 

2.3). However, it is worth noting that the pH was adjusted from 7.5 to 4 before adding coagulants 

in this patent. These promising results need to be further investigated to compare the impact of 

coagulation-flocculation and pH reduction.  

Composite coagulants are designed to gain advantages from both inorganic and organic 

coagulants while overcoming the shortcomings posed by each. They have presented superior 

coagulation performance in various wastewater treatments (Gao et al., 2008; Sun et al., 2017; Zhu 

et al., 2012). For example, Sun et al. (2017) prepared polymeric aluminum ferric silicate (PAFSi) 

for high-oil-containing wastewater treatment. The coagulation tests showed that 98.2 % COD 

removal and 98.4% oil removal were achieved under the optimal conditions. However, to our best 

knowledge, there is no published work in SAGD produced water treatment investigating the 

composite coagulants so far. The performance of different composite coagulants for treating 

SAGD produced water under high temperature is worth investigating in the future due to their high 

removal efficiencies of COD and oil. 
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2.3.2 Natural coagulants and flocculants 

Natural polymers are explored and investigated to use as coagulants and flocculants 

(Oladoja, 2016; Renault et al., 2009). The significant advantages for natural bio-

coagulants/flocculants are that these materials are biodegradable, non-toxic, relatively low cost 

and no secondary pollution (Bolto and Gregory, 2007). Bio-coagulants/flocculants can destabilize 

the colloidal particles via two mechanisms: one is increasing the ionic strength and reducing the 

zeta potential, leading to the reduction of thickness of the diffuse layer in the electrical double 

layer. The second is adsorbing counterions to neutralize the particle charge by a variety of 

functional groups such as carboxyl and hydroxyl groups (¥zacar and ķengil, 2003). Currently, the 

commercially available natural coagulants/flocculants are mainly chitosan and tannins (Oladoja, 

2016; Renault et al., 2009). Both of them have been applied in SAGD produced water treatment. 

Polizzotti et al. (2014) have patented a de-oiling method that uses tannins and chitosan as natural 

coagulants and a cationic and/or anionic flocculant to clarify SAGD produced water under higher 

temperature (95 °C). This process can achieve 75% of silica, 54% of COD, 42% of TOC and 98% 

of oil & grease removal by reducing the pH from 7.5 to 4, then adding the tannin based polymeric 

coagulant, followed by the addition of cationic PAM and anionic PAM flocculant. However, as 

discussed earlier, the impact of pH reduction and coagulation-flocculation on the removal 

efficiencies need to be compared to confirm the main contributing factor. Besides, when 

considering the potential application of natural coagulants/flocculants in SAGD produced water 

treatment, the disadvantages of natural polymers cannot be ignored. The biodegradability of 

natural polymers would shorten their shelf life due to the degradation of active components and 

would lose stability and strength with time (Lee et al., 2014). 
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2.4 Conclusion 

Given the complex chemistry of SAGD produced water, improving removal of both 

organics and silica faces technical and operational challenges. Although silica has been reported 

to exist mostly as dissolved silicate and it is negatively charged in SAGD produced water at high 

temperature (80-90 °C) and high pH (9.5-10.5), the interaction between silica and MgO, which is 

most commonly used to remove silica, is not fully understood. Two possible mechanisms, which 

are silica adsorption on the formed Mg(OH)2 or silica precipitation as magnesium silicate 

precipitates, have been proposed based on studies using synthetic water. However, the real SAGD 

produced water is a multicomponent mixture that is much more complicated than the simplified 

synthetic water. Therefore, more studies would be recommended to understand the interaction of 

silica and MgO as well as the effect of other organics. In terms of dissolved organics, the dominant 

fraction of dissolved organics is different among different SAGD produced waters. Generally, 

HPoA, HPoN and HPiN were primary DOM constituents in most SAGD produced water including 

DOW, BFW and BBD. FEEM results indicated that components of SAGD DOM have humic- and 

fulvic-like structure features. Based on MS based analytical techniques, organic acids and VOCs 

were found to be predominant in DOW, WLS feed water and BFW, whereas organic acids were 

most abundant in the BBD. In addition, phenols, aromatic acids, and aliphatic acids were identified 

as major classes of organics. However, based on these organics data, no clear linkages between 

organic species and the degree of fouling observed in the field can be found. Hence, more analyses 

of dissolved organics are required in the future. 

Compared to metal salts and natural coagulants/flocculants, organic polymers are the 

preferred coagulants and flocculants in SAGD produced water treatment. The advantages of 

organic polymers over inorganic metal salts are significant, including less dosage of coagulants, 
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less sensitive to pH, less sludge volume, and less residual of metallic compound. Epi-DMA and 

poly-DADMAC are common organic coagulants while PAM and polyamine are usually used as 

organic flocculants. In order to promote the performance of organic polymers, it is worth exploring 

the impact factor and study the interactions among particles and polymers under high temperatures.  
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CHAPTER 3 REMOVAL OF COLLOIDAL IMPURITIES BY THERMAL 

SOFTENING-COAGULATI ON-FLOCCULATION -SEDIMENTATION IN 

STEAM ASSISTED GRAVITY DRAINAGE PRODUCED WATER: 

PERFORMANCE, INTERACTION EFFECTS AND MECHANISM STUDY 2 

3.1 Introduction 

As one of the primary in situ thermal recovery processes for bitumen production, steam-

assisted gravity drainage (SAGD) extracts bitumen by injecting high temperature and high 

pressure steam (Butler, 1994). Subsequently, injected steam is recovered as produced water on the 

surface. Due to the intensive use of water in the SAGD process, recycling the produced water to 

regenerate steam is essential for both the protection of environment and minimizing operational 

costs. SAGD produced water is comprised of a complex mixture of bitumen residue, dissolved 

organic compounds, inorganic salts, and suspended solids. Among these constituents, high levels 

of dissolved silica (150-400 mg/L) and dissolved organics (150-800 mg/L) are particularly 

problematic because their precipitation can result in fouling in steam generators and clogging of 

pipelines (Sadrzadeh et al., 2018). In addition, water hardness components (Ca2+, Mg2+) can cause 

scaling and corrosion of pipelines and steam generators (Chow and Pham, 2019). Currently after 

the de-oiling process, produced water is introduced to the warm lime softening (WLS) treatment 

unit with addition of hydrated lime (Ca(OH)2), magnesium oxide (MgO), soda ash (Na2CO3), 

coagulant and flocculant under high temperature (65-85 °C) and high pressure (Heins, 2010).  

                                                           
2 This Chapter is based on the published paper: Li J, How ZT, Benally C, Sun Y, Zeng H, Gamal El-Din M. 

Removal of colloidal impurities by thermal softening-coagulation-flocculation-sedimentation in steam assisted 

gravity drainage (SAGD) produced water: performance, interaction effects and mechanism study. Separation and 

Purification Technology. 2023; 123484. 
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In recent decades, various technologies, such as membrane filtration, have been developed 

to treat produced water (Forshomi et al., 2017; Karami et al., 2020). Coagulation-flocculation, 

although regarded as a conventional technique, is still considered as a promising and essential 

technology for separating colloidal impurities from different sources of wastewater (Li et al., 

2022b). Previous studies tested inorganic coagulants (Hurwitz et al., 2015; Rasouli et al., 2017) 

and organic coagulants (epichlorohydrin-dimethylamine (EPI-DMA), 

poly(diallyldimethylammonium chloride) (poly-DADMAC)) (Polizzotti and Khwaja, 2011; 

Zhang et al., 2021b) with/without flocculants in real and synthetic produced water. Overall, given 

that organic coagulants/flocculants are less sensitive to pH and temperature, they showed higher 

removal efficiency of colloidal impurities with less dosage, less sludge volume, and less residual 

of metallic compounds than inorganic coagulants/flocculants in SAGD produced water treatment 

(Gao et al., 2008; Li et al., 2022b). Among different organic coagulants, poly-DADMAC and 

polyacrylamide (PAM) are the most commonly used polymers in oil and gas industry (Bhandari 

and Ranade, 2014; Li et al., 2022b; Wang, 2016). However, none of these attempts have been 

combined with the softening step under high temperature and include total inorganic carbon (TIC) 

and sludge volume index (SVI) as performance indicators when assessing the efficiency of the 

technologies. In fact, TIC can significantly affect the surface charges of CaCO3 and Mg(OH)2, 

which would in turn affect the performance of both softening and subsequent coagulation-

flocculation (Zhang et al., 2021b). Besides, SVI is a primary indicator of the readiness levels of 

the formed flocs to be settled down and thickened (Van Aken et al., 2017). It is known that 

coagulation-flocculation (CF) is impacted by both water chemistry, such as salinity, total organic 

carbon (TOC) and pH, and operational conditions including temperature, chemical dose, and 

mixing (Ji et al., 2013). However, the effect of these multiple physicochemical parameters in a 
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complex environment like SAGD produced water remains relatively uncovered. In recent 

published research, Zhang et al. (2020) investigated the interactions among humic acid, silicate, 

clay and formed CaCO3 and Mg(OH)2, focusing on electrokinetic properties. Their results 

demonstrated that the existence of silica, clay or humic acid could easily change the surface charge 

of Mg(OH)2 particles and increase the magnitude of negative charge on CaCO3 particles. Later, 

Zhang et al. (2021b) also explored the individual impact of water chemistry, including TOC, total 

suspended solids (TSS) and silica, on the EPI-DMA coagulant demand for treating synthetic 

produced water at 65 °C. They found that humic acid and silica were two significant factors 

affecting the coagulant dose. While these studies provide the understanding of the binary 

interactions and the individual impact of water chemistry at lower temperature of WLS, there is 

still no clear and unified conclusion on interaction of various particles and the impact of 

operational conditions in a multi-component system at high temperature.   

To explore the effects among operational factors and to further study removal mechanisms 

under optimal treatment, response surface methodology (RSM) can be incorporated into the 

research methodology. RSM is a collection of mathematical and statistical techniques and is an 

effective tool in optimization and modelling of the composite non-linear systems while using less 

experimental runs compared to the one factor at a time approach (Kusuma et al., 2021). RSM has 

been utilized to successfully optimize the CF process in various types of wastewater, including 

turbid wastewater (Kusuma et al., 2022), palm oil mill effluent (Huzir et al., 2019), and crude oil-

polluted water (Rehman et al., 2022). However, to the best of our knowledge, there are no 

published studies about optimization and modelling of the softening with CF process under high 

temperature in SAGD produced water by using RSM.   
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Furthermore, due to the high pH of SAGD produced water (7-8), most of the colloidal 

impurities are negatively charged and remain suspended due to the strong repulsive forces which 

prevent them from collision (Maiti et al., 2012). The removal mechanisms were mainly studied by 

focusing on inorganic coagulants without flocculant, and charge neutralization and enmeshment 

were found as the two main mechanisms (Hurwitz et al., 2015). A limited number of research has 

investigated removal mechanism by organic coagulants under high temperature and the effect of 

temperature on removal mechanism in produced water. Mohammadtabar et al. (2019) examined 

the mechanism of removing turbidity from blowdown water with the temperature range of 40-

80 °C using ion exchange regeneration wastewater as the coagulant. Based on their observation, 

increasing temperature could produce larger flocs and hence promote turbidity removal. Zhang et 

al. (2021a) studied the removal mechanism of silica by using MgO and two competing mechanisms 

including adsorption on formed Mg(OH)2 and precipitation as magnesium silicate were proposed. 

However, the synthetic water used in their study only contained Na2SiO3, indicating interactions 

with other impurities that might change the removal mechanism were neglected. Hence, the 

removal mechanism of different colloidal impurities and temperature effect in softening-

coagulation-flocculation process need to be further investigated. Advanced understanding of the 

impact of operation conditions and removal mechanism are of great significance for SAGD 

produced water treatment processes.  

Therefore, this study aims to evaluate effects of operating conditions on the performance 

of softening-coagulation-flocculation in synthetic water, following the industrial practice of 

utilizing poly-DADMAC as the coagulant and cationic PAM as the flocculant at high temperature 

(80 °C, a typical temperature operated in WLS treatment process in SAGD plant). Systematic 

numerical investigations based on RSM were performed to study the interaction among operational 
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variables and optimize the operating conditions. Furthermore, the characterization of formed flocs 

at optimal conditions under room temperature and high temperature were compared, and surface 

force measurements between polymers and particles were conducted to examine the mechanisms 

for removing colloidal impurities in the treatment process and the temperature effect on removal 

mechanisms. The findings of this study provide new insights into the influence of operating 

conditions on colloidal impurities removal, and have a greater significance in the guidance for 

improving efficiency in on-site produced water treatment.  

3.2 Materials and methods 

3.2.1 SAGD WLS water and chemicals 

A typical SAGD WLS feed composition was used for preparing the synthetic water sample, 

as shown in Table 3.1. Ca(OH)2, Na2CO3, sodium chloride (NaCl), calcium chloride dehydrate 

(CaCl2 2H2O), magnesium chloride hexahydrate (MgCl2 2H2O), sodium bicarbonate 

(NaHCO3) were purchased from Fisher Chemicals. Kaolinite clay (Al2O3 2SiO2 2H2O) was 

obtained from Fluka. Sodium metasilicate (Na2SiO3), humic acid sodium salts (C9H8Na2O4) and 

MgO were purchased from Sigma Aldrich. Poly-DADMAC (Sigma Aldrich) and cationic 

polyacrylamide (855 BS, Praestol, Gernany) were applied as cationic coagulant and flocculant, 

respectively. Milli-Q water (Millipore Corp) was used for the synthetic water and all working 

solutions. 

Table 3.1 Synthetic SAGD WLS feed water component. 

Parameters Value Representative properties 

Na+ (NaCl and Na2SO4) 2000 mg/L  Total dissolved solids (TDS) 
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CaCl2 2H2O and MgCl2 2H2O 250 mg/L as CaCO3 Total hardness 

Kaolinite 500 mg/L Total suspended solids (TSS) 

NaHCO3 650 mg/L as HCO3- Bicarbonate alkalinity 

Humic acid sodium salt (HAS) 150 mg/L as C Total organic carbon (TOC) 

Na2SiO3 250 mg/L as SiO2 Silica 

 

3.2.2 Softening-coagulation-flocculation test 

A Phipps & Bird PB-700TM JarTester was used to perform the jar tests using 2L of synthetic 

water. A Magni-Whirl constant temperature water bath (Blue M) was applied to heat up the water 

samples and maintain the temperature at 80 °C before and after the jar test (Fig. A.1 in appendix 

A). During the jar test, a temperature controller (Inkbird) was applied to control a portable heater 

(Diximus) to maintain the temperature of water samples on the jar tester. Softeners including 

Ca(OH)2 (125 mg/L), MgO (258 mg/L) and Na2CO3 (150 mg/L) were added into jars immediately 

after the start of rapid mixing. After softening, poly-DADMAC was added as coagulant while the 

speed was kept the same for 2 min. This was followed by slow mixing at 20 rpm with addition of 

1 mg/L of cationic PAM as flocculant and sedimentation for 15 min in the water bath. 200 mL of 

supernatant was collected using a syringe from approximately 2 cm below the water surface. After 

settling, the flocs at the bottom of the jars were collected and dried at 105 °C in the oven overnight 

for further analysis.  

3.2.3 Experimental design and data analysis 

StatEase Design-Expert software (version 11.0) was used for statistical design and data 

analysis. The central composite design (CCD), the most common fractional factorial design used 

in RSM model, was applied in this study. CCD is favored over other designs such as the Box 

Behnken design (BBD) because it offers more axial design points compared to the BBD while 
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being suitable for testing four variables (Nair et al., 2014). In addition, CCD is better at extreme 

conditions and gives better results for quadratic models (Ahmadi et al., 2005). The coded 

independent variables are poly-DADMAC dose (x1), mixing time with softeners only (x2), 

coagulation speed (x3) and flocculation time (x4); turbidity removal (Y1), TSS removal (Y2), 

particulate hardness removal (Y3), silica removal (Y4), TOC removal (Y5), TIC removal (Y6), 

and SVI (Y7) are the responses of interest. Table 3.2 shows the CCD in the form of a 24  full 

factorial design, along with ranges and levels for each independent variable. For each response, 

regression coefficients and analysis of variance (ANOVA) were estimated based on the quadratic 

polynomial model Eq. 3.1. 

9 ɼ ɼØ ɼØ ɼØØ ʀ σȢρ 

where Y is the response, Ø and Ø are the coded values of the operational variables É and Ê, ‍ is 

the intercept, ɼ, ɼ, ɼ denote linear coefficient, the quadratic coefficient for É and the interaction 

coefficient between É and Ê, respectively. ‐ is the random error. The reduced quadratic model was 

then used to develop the corresponding response surfaces where two operational variables were 

varied within the experimental ranges with the other two variables kept at central level (level 0). 

Moreover, in order to quantitatively evaluate the influences of terms on all the responses, Pareto 

analysis was also conducted, and Pareto charts were generated by using the MINITAB 19.  

Table 3.2 Experimental range and levels of the independent variables according to RSM. 

Variables 

 

Unit 

 

Range and levels 

-2 -1 0 1 2 

Poly-DADMAC dose mg/L 50 60 70 80 90 
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Mixing time with softeners only min 2 6 10 14 18 

Coagulation speed rpm 50 100 150 200 250 

Flocculation time min 4 8 12 16 20 

 

3.2.4 Water quality analysis 

Treated water samples were stored at 4 °C prior to analysis. Turbidity was measured by a 

turbidity meter (Oakton T100) and pH was determined using an Accumet Research AR20 

pH/conductivity meter (Fisher Scientific). Hardness, TSS and SVI were determined by Standard 

Methods 2340B, 2540D and 2710D, respectively (AWWA, 2017). Zeta potential analysis was 

performed in a Malvern Zetasizer Nano (Malvern Instruments). TOC and TIC were analyzed by 

Shimadzu TOC-L. Chemical oxygen demand (COD) of filtered water samples (0.45 ɛm nylon 

filter) was measured by using a Spectrophotometer (DR 3900, HACH, Germany) with Hach 

TNTplus Vial Test kit 822. The concentration of calcium (Ca2+) and magnesium (Mg2+) ions and 

silica were quantified by inductively coupled plasma-optical emission spectroscopy (ICP-OES) 

(Thermo Fisher ICAP6300).  

3.2.5 Flocs and surface analysis 

Field emission scanning electron microscopy (FESEM, Zeiss Sigma 300 VP) was used to 

observe the structure of particles in raw (untreated) water and formed flocs after optimal treatment 

under room and high temperature (80 °C). Further particle size analysis was conducted by using 

the open-source software ImageJ distributed by Fiji (Srivastava et al., 2022). The elemental 

compositions of the particles and flocs were analyzed using energy-dispersive X-ray spectroscopy 

(EDS, Bruker), X-ray powder diffraction (XRD, Rigaku Ultima IV), and X-ray photoelectron 

spectroscopy (XPS, Kratos AXIS ULTRA). The chemical functional groups of the particles and 
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flocs were assessed by an attenuated total reflection Fourier transform infrared (ATR-FTIR) 

spectrometer (Nicolet 8700, Thermo Fisher Scientific). The detailed procedure for sample 

preparation and measurement method of FTIR was previously reported (Li et al., 2022a).   

In order to further understand the interactions between polymers and solid surfaces, a 

surface forces apparatus (SFA) was employed to directly measure their interaction forces by 

following the procedure used by Lu et al. (2016). In brief, a thin mica sheet (model clay) was glued 

onto a cylindrical silica disk with a silver coated back surface. The two curved mica surfaces were 

mounted into the SFA chamber with cross-cylinder configuration, followed by polymer solutions 

injection between mica surfaces. Then the two surfaces were brought close or separated apart. The 

distance D between the two mica surfaces was quantified via the multiple-beam interferometry 

optical technique and the force F between two surfaces was obtained as a function of separation 

distance based on the Hookeôs law. In this work, 1000 mg/L poly-DADMAC stock solution and 

100 mg/L cationic PAM stock solution were prepared separately in 2500 mg/L NaCl solution, 

which was the common salt concentration of SAGD WLS feed water. 

3.3 Results and discussion 

3.3.1 Development of regression models and statistical analysis 

Table A.1 (found in appendix A) summarizes 36 experiments designed by CCD, including 

operational conditions, the observed and the predicted values for responses. The coded reduced 

quadratic models for each response are shown in Eq 3.2-3.8. Insignificant terms (p-value >0.05) 

were removed from the models (except those required to support hierarchy) (Table A.2). ANOVA 

results (Table 3.3) showed that all responses models were statistically significant (p-value <0.01), 

indicating a good fit of reduced quadratic models to the experimental results. High values of R2 

for all responses also demonstrate high model fitness. Besides, values higher than 4 for the 
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adequate precision (A.P.) and lower than 10% for the coefficient of variance (C.V.) further proved 

the modelsô adequacy and reproducibility (Ooi et al., 2018). Fig. 3.1 plots the predicted response 

values of the model against the observed values. As shown, data points were distributed relatively 

close and had linear behavior, suggesting highly accurate prediction power of the models.  

4ÕÒÂÉÄÉÔÙ ÒÅÍÏÖÁÌ 9 Ϸ  ωψȢσχɀπȢχτςςzὃ πȢχωπσzὄ πȢχσςψzὅ πȢπωυσzὈ 

πȢυρρωzὃὄɀπȢσυφωzὄὅɀπȢςπχφzὃɀπȢςωψςzὄ σȢς
                                                                                                 

433 ÒÅÍÏÖÁÌ 9 Ϸ ωυȢωρπȢψτττz! ρȢρπz" πȢχφψχz# πȢσυπφz$

πȢυψςυz!" πȢτχωυz# πȢσυψςz$ σȢσ
                                                             

0ÁÒÔÉÃÕÌÁÔÅ ÈÁÒÄÎÅÓÓ ÒÅÍÏÖÁÌ 9 Ϸ ωωȢυψπȢπυττz! πȢυφσρz" πȢχτφωz#  

πȢςςωτz$ πȢσψςυz"# πȢςρσψz"$ πȢτψσχz#$
πȢτπψυz" πȢσχυφz# πȢςφςυz$ σȢτ

 

ὛÉÌÉÃÁ ÒÅÍÏÖÁÌ 9 Ϸ ρφȢψωρȢυπz! ρȢωπz" πȢςχχυz# πȢππυz$ ρȢχςz!" 

ρȢςωz!# ρȢσσz"# ρȢχωz"$ ρȢυψz#$ ρȢσρz" ρȢσςz# ρȢπωz$ σȢυ 

4/# ÒÅÍÏÖÁÌ 9 Ϸ χςȢχωσȢωπz! πȢφπυσz" πȢρτστz#

πȢςπτρz$ ρȢχρz"# ρȢρψz! πȢχρτσz$ σȢφ
 

4)# ÒÅÍÏÖÁÌ 9 Ϸ σπȢσψπȢχχστz! πȢρφτχz" πȢφυςψz# πȢφφςψz$

ςȢρςz!# ρȢυπz!$ ρȢχωz#$ πȢτππψz! πȢσωυυz" σȢχ
 

36) 9 Í,Çϳ σψȢψσρȢψωz! ςȢσυz" πȢσψςψz# ςȢςτz$

ρȢπψz!" ρȢυφz !$ ρȢχχz#$ ρȢςςz" πȢψφςτz# ρȢτχz$ σȢψ
 

where Y is the predicted value, A, B, C, and D represent poly-DADMAC dose, mixing time with 

softeners only, coagulation speed, and flocculation speed, respectively. AB, AC, AD, BC, BD, and 

CD are the interaction effect terms, and A2, B2, C2 and D2 each represent the quadratic effect terms. 

Table 3.3 Fit statistics and ANOVA results showing the adequacy of the model. 
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Turbidity 

removal 

TSS 

removal 

Particulate 

hardness 

removal 

Silica 

removal 

TOC 

removal 

TIC 

removal 
SVI 

ANOVA for quadratic model 

Sum of Squares 66.58 106.42 49.28 509.06 622.87 226.95 688.45 

Degree of freedom(df) 8 7 10 12 7 9 10 

Mean Square 8.32 15.20 4.93 42.42 88.98 25.22 68.85 

F-value 34.16 41.41 33.10 23.20 53.44 30.28 27.17 

p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Fit statistics 

Standard deviation 0.49 0.61 0.39 1.35 1.29 0.91 1.59 

Mean 97.92 96.71 98.59 20.20 71.10 30.39 35.67 

R2 0.91 0.91 0.93 0.92 0.93 0.91 0.92 

Adjusted R2 0.88 0.89 0.90 0.88 0.91 0.88 0.88 

Predicted R2 0.84 0.86 0.85 0.79 0.89 0.82 0.81 

Coefficient of variance 

(C.V.)% 
0.50 0.63 0.39 6.69 1.81 3.00 4.46 

Adequate precision (A.P.) 21.07 22.17 16.29 19.13 28.22 22.91 18.75 
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Figure 3.1 Correlation between the actual and predicted (a) turbidity removal, (b) TSS removal, 

(c) particulate hardness removal, (d) silica removal, (e) TOC removal, (f) TIC removal, and (g) 

SVI. 

Fig.3.2 presents the Pareto charts, which are a set of bars whose lengths represent the 

frequency or impact of independent variables. The red vertical lines in the Pareto charts are located 

at a critical p-value of 0.05 to indicate the minimum statistically significant effect. Therefore, the 

independent variables with bars that extend to the right of red reference line are relatively more 

significant. As observed, poly-DADMAC dose (A), mixing time with softeners only (B), and 

coagulation speed (C) had the salient impacts on the turbidity and TSS removal (Fig. 3.2a, 2b). 

For particulate hardness removal, the corresponding Pareto chart (Fig. 3.2c) indicates significant 

linear and quadratic effects of mixing time with softeners only and coagulation speed. On the other 

hand, linear, quadratic and interaction effects of most variables, except coagulation speed and 

flocculation time, were significant for silica removal (Fig. 3.2d). As shown in Fig. 3.2e, 2f, poly-

DADMAC dose imposed the greatest effect on TOC removal whereas the interactions among poly-

DADMAC dose, coagulation speed and flocculation time had marked effects on TIC removal. 

From Fig. 3.2g, SVI is largely affected by mixing time with softeners only, flocculation time, and 

poly-DADMAC dose. The analysis also suggested that the interaction effects of coagulation speed 

and flocculation time, poly-DADMAC dose and flocculation time, as well as poly-DADMAC dose 

and mixing time with softeners only were significant for SVI. Given the significant linear, 

quadratic and interaction effects of poly-DADMAC dose and mixing time with softeners only were 

observed in most of responses, poly-DADMAC dose and mixing time with softeners only were 

the most important operational variables in the treatment process. 
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Figure 3.2 Standardized Pareto charts for responses: (a) turbidity removal, (b) TSS removal, (c) 

particulate hardness removal, (d) silica removal, (e) TOC removal, (f) TIC removal, and (g) SVI. 

(A, B, C, and D represent poly-DADMAC dose, mixing time with softeners only, coagulation 

speed, and flocculation speed, respectively. AB, AC, AD, BC, BD, and CD are the interaction 

effect terms, and A2, B2, C2 and D2 each represent the quadratic effect terms). 

3.3.2 Performance of thermal treatment and interaction effects 

3.3.2.1 Turbidity and TSS removal 

Figure 3.3 shows the response surface of turbidity and TSS removal for variable interaction 

effects. Fig. 3.3a and 3b illustrate the interaction effect for the turbidity removal between poly-

DADMAC dose and mixing time with softeners only, and between coagulation speed and mixing 

time with softeners only, respectively. The highest turbidity removal was observed at 99.2% with 

a coagulation speed of 250 rpm and mixing time with softeners only of 18 min (with poly-

DADMAC dose at 70 mg/L and flocculation time at 12 min). When the mixing time of softeners 

only was below 14 min, decreasing the poly-DADMAC dose led to the increase of turbidity 

removal whereas no significant difference could be found at different levels of poly-DADMAC 

dose when mixing time of softeners only was above 14 min. A similar interaction was also 

observed in TSS removal (Fig. 3.3c). The results may be related to more precipitate produced in 

softening with longer mixing time with softeners, which can compromise the overdosing effect of 

coagulant, and the maximum available sites on produced precipitant for coagulant adsorption 

found at 14 min of mixing with softeners only. As shown in Fig. 3.3b, increasing coagulation speed, 

accompanied by the increase in mixing time with softeners only, could result in higher turbidity 

removal. The improvement was probably due to the fraction of successive collision and the 

precipitation (Dayarathne et al., 2022).  
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Figure 3.3 Response surface of turbidity removal with the interaction effect of variables: (a) 

poly-DADMAC dose and mixing time with softeners only, (b) coagulation speed and mixing 

time with softeners only; and (c) TSS removal with the interaction effects of poly-DADMAC 

dose and mixing time with softeners only. 

3.3.2.2 Particulate hardness removal 

The response surface of particulate hardness removal is presented in Fig. 3.4. Fig. 3.4a 

shows that increasing the mixing time with softeners only and coagulation speed resulted in an 

increase in the particulate hardness removal to an optimum point, after which further increase in 
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both two variables caused a negative effect on the response. Similarly, Nason and Lawler (2009) 

found that the mixing intensity strongly influenced CaCO3 production in softening-coagulation. 

As shown in Fig. 3.4b, increasing flocculation time promoted the hardness removal with longer 

mixing time with softeners only (> 10 min). Fig. 3.4c shows that for coagulation speed up to 150 

rpm, longer flocculation time would increase the removal of particulate hardness. Increasing 

coagulation speed beyond 150 rpm led to the maximum particulate hardness removal near 100% 

at coagulation speed of 240 rpm and flocculation time of 12 min (poly-DADMAC dose of 70 mg/L 

and mixing time with softeners only of 10 min). The results of particulate hardness demonstrated 

that the removal of hardness is mainly affected by mixing conditions during softening and 

coagulation. 
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Figure 3.4 Response surface of particulate hardness removal with the interaction effects of 

variables: (a) coagulation speed and mixing time with softeners only; (b) flocculation time and 

mixing time with softeners only; and (c) flocculation time and coagulation speed. 

3.3.2.3 Silica removal 

As shown in Fig. 3.5, significant interactions occurred among poly-DADMAC dose, 

coagulation speed, flocculation time and mixing time with softeners only on silica removal. In Fig. 

3.5a, an increase in poly-DADMAC dose promoted silica removal with longer mixing time with 

softeners only (>10 min). On the contrary, increasing poly-DADMAC dose enhanced silica 

removal at lower levels of coagulation speed (<150 rpm) (Fig. 3.5b). To explain these results, it is 
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hypothesized that more magnesium silicate was produced, or silica adsorption was facilitated by 

increasing mixing time with softeners only and their settlement was increased with higher poly-

DADMAC dose. However, the positive effect of coagulant dose could be hindered by floc 

breakage due to excessive coagulation speed, which is commonly found in coagulation studies (Yu 

et al., 2011; Zeng et al., 2007). In Fig. 3.5c, increasing both coagulation speed and mixing time 

with softeners only would first reduce and later increase the removal efficiency of silica. Similar 

effects were observed for flocculation time versus mixing time with softeners only and coagulation 

speed (Fig. 3.5d, 5e), respectively, which indicated the mixing conditions were essential for 

optimizing silica removal. The highest removal efficiency of silica was found to be 23.3%, with 

the poly-DADMAC dose of 90 mg/L and mixing time with softeners only of 18 min (coagulation 

speed was 150 rpm and flocculation time was 12 min).  
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Figure 3.5 Response surface of silica removal with the interaction effects of variables: (a) 

mixing time with softeners only and poly-DADMAC dose; (b) coagulation speed and poly-

DADMAC dose; (c) coagulation speed and mixing time with softeners only; (d) flocculation 

time and mixing time with softeners only, and (e) flocculation time and coagulation speed. 

3.3.2.4 TOC and TIC removal 

Fig. 3.6 presents the interaction effects on TOC and TIC removal. From Fig. 3.6a, TOC 

removal improved with increasing coagulation speed with shorter mixing time with softeners only 
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(<6 min) while the opposite, lower TOC removal, was observed with faster coagulation speed at 

longer mixing time with softeners only (>6 min). These results suggest that the organic compounds 

were mainly removed through adsorption onto the precipitate with prolonged rapid mixing leading 

to the occurrence of floc breakage. The highest TOC removal achieved was 75.2%, with mixing 

time with softeners only of 2 min and coagulation speed of 250 rpm (poly-DADMAC dose was 

70 mg/L and flocculation time was 12 min). In terms of TIC removal, the positive effects of poly-

DADMAC dose mainly occurred at slower coagulation speed (<150 rpm) or longer flocculation 

time (>12 min) (Fig. 3.6b, 6c). When coagulation speed was slow, TIC removal reduced with 

longer flocculation time, but this was reversed at faster coagulation speeds (Fig. 3.6d). The highest 

TIC removal was 34.3%, with poly-DADMAC dose of 90 mg/L and coagulation speed of 50 rpm 

(mixing time with softeners only was 10 min and flocculation time was 12 min). 
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Figure 3.6 Response surface of (a) TOC removal with the interaction effect of coagulation speed 

and mixing time with softeners only, and TIC removal with the interaction effects on variables: 

(b) coagulation speed and poly-DADMAC dose; (c) flocculation time and poly-DADMAC dose; 

and (d) flocculation time and coagulation speed. 
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3.3.2.5 SVI 

Fig. 3.7 shows the interaction effects on SVI. Based on Fig. 3.7a, 7b, poly-DADMAC had limited 

effect at shorter mixing time with softeners only (<10 min) and at longer flocculation time (>12 min). On 

the other hand, increasing poly-DADMAC dose could reduce SVI when mixing time with softeners only 

was long (>10 min) and flocculation time was short (<12 min), respectively. The SVI results implied that 

longer mixing time with softeners only with higher coagulant dose allowed particles were bridged and 

rapidly settled; however longer flocculation time would hinder this positive interaction due to floc breakage. 

Wu et al. (2019) also found floc breakage as flocculation time increased. Fig. 3.7c shows that reduction of 

SVI with increasing coagulation speed was observed at longer flocculation time (>12 min). Previous studies 

(Wu et al., 2019; Zhou et al., 2012) suggested that the size of flocs decreased with increase of mixing speed, 

resulting in an increase of the total surface areas of flocs and hence more polymers could adsorb. Under 

this situation, longer flocculation time would allow more bridging to occur and denser flocs could be settled. 

In CF processes, low SVI values (< 200 mL/g) are indicative of good quality of flocs that can be readily 

settled or densified (Crittenden et al., 2005). The lowest SVI was observed at 31.8 mL/g, with poly-

DADMAC dose of 90 mg/L, and flocculation time of 4 min (mixing time with softeners only was 10 min 

and coagulation speed was 150 rpm, respectively).  
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Figure 3.7 Response surface of SVI with the interaction effects of variables: (a) mixing time 

with softeners only and poly-DADMAC dose; (b) flocculation time and poly-DADMAC dose; 

and (c) flocculation time and coagulation speed. 

3.3.3 Optimization and validation experiments 

To determine the optimal conditions, a numerical optimization was carried out. The 

desired goals for each variable and response are presented in Table 3.4. The goal was set to 

ñmaximizeò for the most of removal efficiency and was set ñwithin the rangeò for SVI. For the 

operational variables, the poly-DADMAC dose was minimized as less chemical dose is more 

desirable in industry whereas other variables were set as ñwithin the rangeò. Subsequently, 
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among 100 potential solutions, the optimal condition with 0.93 desirability was identified at 67 

mg/L, 14 min mixing time with softeners only, 200 rpm coagulation speed, and 16 min 

flocculation time (Fig. 3.8). This solution corresponds to 38.1 mL/g, 99.2%, 99.1%, 99.4%, 

27.0%, 69.0%, and 30.3% for SVI and the removal efficiencies of turbidity, TSS, particulate 

hardness, silica, TOC, and TIC, respectively. The validity of estimated optimum conditions was 

confirmed with triplicated experimental runs. Table 3.5 shows that the average experimental 

results were in agreement with the predicted values with deviation < 2%. 

Table 3.4 The constraints adopted for the determination of desirability. 

 Variables Goal 
Lower 

limit  

Upper 

limit  

Lower 

weight 

Upper 

weight 

Importance 

coefficients 

Inputs 

Poly-DADMAC dose minimize 60 80 1 0.1 5 

Mixing time with 

softeners only 
within range 6 14 1 0.1 3 

Coagulation speed within range 100 200 0.1 1 3 

Flocculation time within range 8 16 1 0.1 3 

Outputs 

Turbidity removal maximize 94.38 99.59 1 1 2 

TSS removal maximize 92.83 99.63 1 1 2 

Particulate hardness 

removal 
maximize 95.91 99.88 0.1 1 4 

Silica removal maximize 12.4 26.42 0.1 1 4 

TOC removal maximize 59.15 77.93 1 1 1 

TIC removal maximize 24.89 35.47 0.1 1 3 

SVI within range 26.8 43.54 1 1 2 

 

Table 3.5 Validation results of multiple-response process optimization. 

Variable  
Response-predicted  

(observed) 
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Poly-

DADMAC 

dose 

(x1) 

Mixing 

time with 

softeners 

only 

(x2) 

Coagulati

on speed 

(x3) 

Flocculation 

time  

(x4) 

Turbidity 

removal 

(%) 

TSS 

removal 

(%) 

Particulat

e hardness 

removal  

(%) 

Silica 

removal 

(%) 

TOC 

removal 

(%) 

TIC 

removal 

(%) 

SVI 

(mL/g) 

67 mg/L 14 min 200 rpm 16 min  
99.18 

(98.99) 

99.11 

(98.83) 

99.36  

(99.53) 

27.00 

(25.16) 

69.01 

(68.56) 

30.28 

(30.55) 

38.07 

(39.52) 

 

 

Figure 3.8 Ramp plots of numerical optimized conditions and responses. 
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3.3.4 Floc characterization and surface interaction 

3.3.4.1 Floc analysis 

According to SEM images in Fig. 3.9, the formed flocs (Fig. 3.9b, 9c) had an irregular and 

polyhedral shape with relative rough and non-uniformly distributed porous structures compared to 

the raw particles (Fig. 3.9a). This observation revealed that the aggregation of fine particles 

occurred during the treatment process. It is also evident from the SEM images that the treatment 

process led to the formation of larger and aggregated flocs (Fig. 3.9d, 9e, 9f). In addition, the flocs 

formed after optimal process at high temperature (80 °C) had a wider range from 0-120 ɛm with 

the peak of particle size distribution at 30 ɛm while the flocs formed under room temperature had 

narrower range of 0-80 ɛm with the peak of particle size distribution at 20 ɛm, indicating that 

increasing temperature could facilitate settling by forming larger and denser flocs. Several reports 

have shown that floc settling is temperature dependent (Dayarathne et al., 2022; Mohammadtabar 

et al., 2019; Zhou et al., 2012). An increase in temperature would increase the proportion of 

particles activated to overcome repulsive forces to aggregate, thus enhancing the overall 

aggregation rate. 

Table 3.6 presents the detailed elemental composition of raw particles and flocs determined by 

EDS analysis. In both raw particles and flocs, O and C were the most abundant elements, while 

Na, Al, Si, Ca, Mg, S, and K were found at relatively low concentrations. The percentage of C, O, 

Al, Si, Ca, and Mg on the formed flocs increased, indicating that the hardness component (Ca2+, 

Mg2+), kaolinite, silica, and organics could be removed after the treatment process. In addition, it 

is worthy to notice that the percentage of O (41.00 %), Al (10.57%), Si (8.53%), Ca (6.45%), and 

Mg (4.50%) in the flocs formed at high temperature (80 °C) are higher than the flocs formed at 

room temperature (O:39.65%, Al:8.46%, Si:7.10%, Ca:5.30%, Mg:3.20%). Percent C is higher in 
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room temperature flocs (28.04%) as compared with the high temperature (80 °C) flocs. This 

finding suggests that increasing the temperature can be beneficial for the treatment by affecting 

not only the floc size but also the floc composition by influencing the surface charge, metal-ion 

species, and adsorption of polymers (Dayarathne et al., 2022; Mpofu et al., 2004). 

 



85 
 

Figure 3.9 SEM images of (a) raw particles, (b) flocs after treatment at 20 °C, (c) flocs after 

treatment at 80 °C and particle size distribution of (d) raw particles, (e) flocs after treatment at 

20 °C, and (f) flocs after treatment at 80 °C. 

Table 3.6 Chemical composition of raw particles and flocs after treatment at optimal condition 

under different temperatures by EDS analysis. 

Sample 
Element (wt%) 

Sum 
O C Na Al  Si Cl Ca Mg S K 

Raw 15.50 22.90 17.20 5.10 3.60 29.70 1.50 0.10 2.63 1.80 100.03 

After 

treatment at 

20 °C 

39.65 27.60 4.68 8.46 7.10 3.90 5.30 3.20 0.10 0.00 99.99 

After 

treatment at 

80 °C 

41.00 28.04 0.50 10.57 8.53 0.40 6.45 4.50 0.00 0.00 99.99 

 

The XRD patterns of the raw particles and flocs are shown in Fig. 3.10a. The appearance 

of kaolinite and CaCO3 in the formed flocs demonstrated that they were successfully removed 

from water. The observed peaks in the formed flocs at 2ɗ = 42.5Ü, 50.3Ü, and 73.8Ü were associated 

with MgO (Zhang et al., 2021a), which was probably a residual of added MgO. It is interesting to 

note that the peaks of amorphous magnesium silicate was only observed in the formed flocs at 

room temperature, while the Mg(OH)2 peaks (2ɗ = 44.8Ü, 60.5Ü and 68.9Ü) were only found at high 

temperature. This indicates that silica and Mg2+ removals at room temperature were achieved 

mainly by the coprecipitation as magnesium silicates while at high temperature this occurred 

through adsorption of silica on Mg(OH)2. Additionally, very weak peaks of Ca(OH)2 appeared in 

the flocs formed under high temperature, which can be explained by the decreased solubility of 

Ca(OH)2 at elevated temperature (Deschner et al., 2013). 
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Fig. 3.10b shows the FTIR spectra of raw particles and flocs. The peaks at 3691 cm-1, 1030 

cm-1, 1006 cm-1, 913 cm-1 are the characteristic peaks of kaolinites (Osacky et al., 2013; Sam-

Tunsa Alarba et al., 2022). For the formed flocs, the intensity of the kaolinite peaks increased 

dramatically, especially for peaks at 1030 cm-1 and 1006 cm-1 in the flocs formed under high 

temperature (80 °C). The band at 3618 cm-1 is associated with the structural hydroxyl group (Geçer, 

2022), which can belong to magnesium silicates or Ca(OH)2 and Mg(OH)2. The peak at 1407 cm-

1 can be attributed to the carboxylic group, which could come from humic acid salts and also 

polymers (Hay and Myneni, 2007; Parvathy and Jyothi, 2012). Similar to kaolinite, the peaks of 

carboxylic group were found to be more intense in the flocs formed under high temperature. The 

1112 cm-1 peak and the 873 cm-1 peak observed in the low-frequency region can represent NaCl 

and carbonates, respectively (Kumar et al., 2012; Osacky et al., 2013). The intensity of carbonate 

peaks in the flocs increased probably due to produced CaCO3 during the softening process. The 

peaks centered at 795 cm-1 and 740 cm-1 can be assigned to Si-O (Sam-Tunsa Alarba et al., 2022), 

which may originate from magnesium silicates or from silica. The higher intensity of these two 

peaks in the formed flocs demonstrates that silica can be removed by the treatment process. The 

peak at 650 cm-1 could be due to the presence of residual MgO (Chen et al., 2008). Therefore, the 

FTIR data are in agreement with the EDS and XRD results, confirming that Mg, Ca, Si, kaolinite, 

and humic acid are in the precipitated sludge and increasing the temperature can promote the 

removal process. 

The zeta potentials of the suspended particles in raw water and the supernatant of treated 

water are presented in Fig. 3.10c. In the raw water sample, the zeta potential was -40.45 mV (  

2.75) which suggested that the kaolinite and silica particles had a negative surface charge. After 

adding softeners and cationic polymers, the zeta potential became less negative, confirming that 
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charge neutralization was occurring during the treatment process. Besides, an increase of zeta 

potential of supernatant, from -31.24 mV (  0.85) to -26. 93 mV (  2.28), with increasing 

temperature was observed, which indicated that higher temperature could promote charge 

neutralization via increasing the adsorbed polymers density (Mpofu et al., 2004) and having a more 

stretched conformation of polymer chains (WiŜniewska, 2012).  

 

Figure 3.10 XRD, FTIR and zeta potential analysis of raw particles and flocs after optimal 

treatment under 20 °C and 80 °C: (a) XRD patterns, (b) FTIR spectra, and (c) zeta potential. 
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The XPS survey spectrum is shown in Fig. A.2 and the high-resolution Ca 2p, Mg 2p, Si 

2p, O 1s, C 1s spectra of each solid are shown in Fig. 3.11. Due to shifting that was observed in 

most XPS peaks of the formed flocs at room temperature (~ 3.5 mV), the reported values are the 

results after correction. The shifting can be explained by internal errors from instruments and 

difference of materials, which may result in poor agreement between the results obtained by 

different groups (Ni and Ratner, 2008; Ulgut and Suzer, 2003). As shown in Fig. 3.11a, the Ca 2p 

high-resolution spectra in the formed flocs at room temperature clearly shows well-defined peaks 

at 350.6 eV and 347.1 eV with a peak area ratio of 1:2, which can be assigned to CaCO3 (Xiao et 

al., 2021). For the flocs formed at high temperature (Fig. 3.11b), the Ca 2p was deconvoluted into 

four peaks at 350.8 eV, 346.9 eV, 349.8 eV, and 346.2 eV, suggesting that the solids were a mixture 

of CaCO3 and Ca(OH)2 (Feng et al., 2018; Ni and Ratner, 2008). For the Mg 2p, two peaks at 50.4 

eV and 49.8 eV ascribable to Mg-O-Si and Mg-O, respectively, were observed in the formed flocs 

at room temperature, whereas two peaks at 48.71 eV and 49.29 eV, corresponding to Mg-OH and 

Mg-O, respectively (Keikhaei and Ichimura, 2019; Zhang et al., 2021a), were found at high 

temperature. These peaks indicate that the formed solids at room temperature were a mixture of 

magnesium silicates and residual MgO, while they were a mixture of MgO and Mg(OH)2 at high 

temperature. The Si 2p peak for the solids formed at room temperature was deconvoluted into two 

peaks, at 102.1 eV and 102.8 eV, corresponding to the Si-O and Mg-O-Si bonds of the formed 

magnesium silicate, respectively (Zhang et al., 2021a). However, only one peak of Si-O (102.2 eV) 

was present at high temperature, suggesting that the silica was removed mainly through 

precipitation at room temperature, while it was removed by adsorption at high temperature. The 

peaks of O 1s at 533.0 eV and 532.7 eV in the formed flocs can be assigned to the O-C=O (Zhao 

et al., 2021). At the same time, the C 1s contains peaks at 284.8 eV (C-C and C-H) (Zhang et al., 
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2018), 287.8 eV and 288.0 eV (O-C=O) (Chen et al., 2020), were also observed in formed flocs. 

The peaks of O 1s and C 1s indicate that humic acids were removed and settled with polymers 

after the treatment. Overall, XPS data is in agreement with the FTIR and XRD results.  
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Figure 3.11 High-resolution XPS of Ca 2p, Mg 2p, Si 2p, O 1s, C 1s spectra of (a) flocs after 

optimal treatment at 20 °C and (b) flocs after treatment at 80 °C. 

3.3.4.2 Surface force measurement 

To further unravel the adsorption behavior and interaction mechanisms of polymers on 

the particle surfaces underlying the coagulation-flocculation process, surface force measurements 

using an SFA were performed. The force-distance profiles between two mica surfaces in 1000 

mg/L poly-DADMAC solution and in a mixture of 1000 mg/L of poly-DADMAC and 100 mg/L 

cationic PAM are presented in Fig. 3.12. As in Fig. 3.12a, about 6.5 nm of polymer film was 

confined between mica surfaces whereas no adhesion (Fad/R) was detected, which indicates that 

the main function of poly-DADMAC was to neutralize negative charge by adsorbing on the 

surface of particles. When mica surfaces were in the mixture of poly-DADMAC and cationic 

PAM (Fig. 3.12b), an adhesion Fad/R value of ~ -1.8 mN/m with adsorbed polymer thickness of 

~11.1 nm between two mica surfaces was measured during the separation. Such increased 

thickness and adhesion force observed in the polymer mixture suggested that the adhesion was 

mainly due to cationic PAM that bridged two mica surfaces via electrostatic attraction. The 

surface force results demonstrated that adding poly-DADMAC as coagulant and cationic PAM 

as flocculant could enhance the attractive interactions between the suspended particles via 

adsorption and subsequent bridging. 
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Figure 3.12 Normalized forces-distance profiles between mica surfaces in (a) 1000 mg/L poly-

DADMAC solution and (b) mixture of 1000 mg/L poly-DADMAC and 100 mg/L cationic PAM. 

3.3.5 Removal mechanisms of softening-coagulation-flocculation 

The removal mechanisms for impurities in softening-CF at 20 °C and 80 °C are outlined 

in Fig. 3.13. According to floc characterization results, the hardness components (Ca2+ and Mg2+) 

were removed by forming CaCO3 and Mg(OH)2 particles simultaneously during lime softening at 

high temperature (80 °C), whereas Mg2+ would be removed by coprecipitation with silica at room 

temperature. For silica removal with MgO, the above results at room temperature confirmed the 

formation of magnesium silicates and demonstrated that the precipitation would be the dominant 

mechanism, which is in agreement with reported studies (Latour et al., 2015; Zhang et al., 2021a). 

However, only the Mg(OH)2 peak appeared in the flocs formed under high temperature, indicating 

that the adsorption on freshly precipitated Mg(OH)2 from MgO became the main mechanism for 

silica removal. Similar results were also observed by Zhang et al. (2021a). With increasing 

temperature, the solubility of Mg(OH)2 decreases, resulting in the limited amount of Mg2+ ions in 

the water and hence the formation of magnesium silicate would be hindered. Besides, the pH of 

treated water was about 10.4 at high temperature. Due to the fact that the freshly precipitated 

(a) (b)

Approach Approach
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Mg(OH)2 is positively charged and silica is negatively charged with a pH ranging from 10.2 to 

11.2 (Black and Christman, 1961; Zhang et al., 2020), silica adsorption on Mg(OH)2 at high 

temperature is likely to occur. Previous studies demonstrated that natural organic matter can be 

removed via coprecipitation with other precipitated particles (Russell et al., 2009a; Russell et al., 

2009b). Additionally, the humic acid could be removed through coprecipitation with formed 

inorganics solids such as CaCO3 and Mg(OH)2 during the lime softening. The adsorption of humic 

acids on these inorganic surfaces could occur through ligand exchange of functional groups on the 

humic substances with hydroxyl groups on the surface of metal oxides, or via the binding of metal 

ions to the carboxyl and hydroxyl groups on humic acids in a bidentate form (Stumm and Morgan, 

1992). After the softening process, as confirmed by SFA results, poly-DADMAC coagulant was 

added first to neutralize the surface charge and create a collision condition between particles, thus 

forming small flocs. Then cationic PAM was added to increase larger flocs by forming bridges 

between small flocs. The increase in zeta potential and in adhesion force after treatment validated 

that the charge neutralization and bridging process occurred during the coagulation-flocculation 

process. It is worth noting that other impurities like residual bitumen may affect the findings of 

interactions and removal mechanism during coagulation/flocculation obtained in this study. Both 

positive and negative effect of residual bitumen on coagulation/flocculation have been observed 

in previous studies (Carreras et al., 2013; Klein et al., 2013). Future experiments may be planned 

to explore the effect of residual bitumen and other impurities on the performance of the treatment. 
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Figure 3.13 A schematic for proposed removal mechanisms in softening-coagulation-

flocculation at 20 °C and 80 °C. 

3.4. Conclusion 

In this study, CCD-RSM was adopted to determine the optimal conditions for softening-

CF-sedimentation and to investigate the interaction effects of operational variables in synthetic 

SAGD WLS water under high temperature (80 °C) by testing the responses of the SVI and the 

removal of turbidity, TSS, particulate hardness, silica, TOC and TIC. Overall, the statistical 

analysis suggested that poly-DADMAC dose and mixing time with softeners only were the most 

important factors for the treatment process due to their significant linear, quadratic and interaction 

effects on most responses. Increasing mixing time with softeners only could negate negative effect 

of poly-DADMAC dose on both turbidity and TSS removal, indicating that more precipitate 

produced in softening can compromise the overdosing effect of coagulant. Increasing coagulation 

speed could magnify the positive effect of mixing time with softeners only on silica removal, which 
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is contrary to their interaction effect on particulate hardness removal, suggesting that their removal 

mechanisms were different even though they can be removed simultaneously in softening. The 

results of interaction effects on the removal of TOC and TIC demonstrated that TOC were affected 

mainly by softening and coagulation whereas coagulation and flocculation were important for TIC 

removal. The interaction results for SVI confirmed that particles with more segments allowed for 

the addition of polymeric chains which could then be bridged and rapidly settled with increasing 

polymer dose whereas longer flocculation time would cause floc breakage. The optimal conditions 

for softening-CF-settling at 0.93 desirability were 67 mg/L poly-DADMAC dose, 14 min mixing 

time with softeners only, 200 rpm coagulation speed, and 16 min flocculation time. At these 

conditions, the predicted maximum removal of turbidity, TSS, particulate hardness, silica, TOC 

and TIC were 99.2%, 99.1%, 99.4%, 27.0%, 69.0%, and 30.3%, respectively, and the value of SVI 

was 38.1 mL/g. The temperature effect on the removal mechanisms was explored by comparing 

the characteristics of flocs formed under optimal conditions at room temperature and high 

temperature (80 °C). The results indicated that increasing temperature could facilitate the removal 

of colloidal impurities by forming larger and denser flocs and changing their surface composition. 

In addition, SFA results confirmed that the adsorption and subsequent bridging are the main 

mechanisms for poly-DADMAC and cationic PAM in the CF process. Our research covers a wide 

range of operational variables, their interactions and provide in-depth insight into the mechanisms 

of removing impurities. Given other impurities like residual bitumen may affect current findings 

of interactions and removal mechanism during CF process, future experiments may be planned to 

explore the effect of residual bitumen and other impurities on the performance of the treatment. 

Nevertheless, the insights gained from this study can be applied to enhance the removal efficiency 

in on-site produced water treatment processes. 
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CHAPTER 4 FATE OF DISSOLVED ORGANICS IN OIL SANDS PROCESS 

WATER DURING FOUR -YEAR STORAGE: MECHANIC INSIGHTS INTO 

TOXICITY AND MICROBIAL  PROFILING  

4.1 Introduction  

During bitumen extraction from surface mining of oil sands in Canada, a large volume of 

water known as oil sands process water (OSPW) is generated from the Clark Hot Water Extraction 

process (Clarke, 1980; Masliyah et al., 2004; Xue et al., 2018). OSPW is a complex mixture 

consisting of suspended solids, salts, inorganic compounds, heavy metals, and organic compounds 

including naphthenic acids (NAs), polycyclic aromatic hydrocarbons (PAHs), phenols, and BTEX 

(benzene, toluene, ethyl benzene, and xylenes) (Li et al., 2017). As the major contributor to the 

OSPW toxicity to aquatic and terrestrial lives, NAs are oil-derived mixtures of alkyl-substituted 

saturated cyclic and non-cyclic carboxylic acids with the general formula CnH2n+ZOx, where n 

refers to the carbon number, Z (zero or a negative even integer) indicates the hydrogen deficiency 

caused by rings and/or double bonds introduction, and x is the oxygen atoms in the structure (x = 

2 is classical NAs and 3 Òx Ò 6 is oxidized NAs) (Meshref et al., 2017; Xue et al., 2018). Previous 

studies have reported the mechanisms of toxicity associated with NAs in OSPW, including 

endocrine disruption, oxidative damages to lipids and nucleic acids, as well as narcosis (Garcia-

Garcia et al., 2011; Goff et al., 2013; Li et al., 2017). Currently, huge amounts of OSPW are stored 

in tailings ponds and oil sands companies do not actively discharge OSPW mainly due to NAs (Lo 

et al., 2006; Martin et al., 2010). With increasing water demands for oil sands extraction and 

reports calling for further regulation of water imports from the Athabasca River, the reclamation 
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of OSPW is an important challenge facing the oil sands industry today (Han et al., 2009; Schindler 

et al., 2007). 

 Various technologies have been explored to degrade NAs and reclaim OSPW, including 

engineering (i.e. active) and biological (i.e. semi-passive/passive) applications (Lillico et al., 2022; 

Toor et al., 2013; Xue et al., 2018). While active treatment technologies, such as advanced 

oxidation processes (AOPs), have shown promising results in bench-scale studies (Abdalrhman et 

al., 2019; Abdelrahman et al., 2023; Meng et al., 2021; Zhang et al., 2017), these technologies 

have been tested using OSPW samples collected on-site that may have been stored for long time 

periods (e.g. several months) while tests were being conducted, potentially limiting their 

applicability due to the unrepresentative sample water quality (Petersen et al., 2015). In addition 

to active treatment technologies, semi-passive/passive strategies, such as constructed wetlands and 

end-pit lakes, have gained increased attention. These strategies aim to retain OSPW over a 

prolonged period of time to facilitate the natural degradation of organic acid components and 

mitigate the toxicity of OSPW (McQueen et al., 2017; Morandi et al., 2020). However, there is 

limited knowledge of how the characteristics of OSPW change over time and how these changes 

may impact the effectiveness in reducing toxicity. Although previous research has investigated the 

fate of NAs in OSPW during storage on-site and their results indicated that indigenous microbial 

communities in tailings water can degrade NAs given appropriate nutrient conditions (Brown et 

al., 2013; Han et al., 2009; Mahdavi et al., 2015; Quagraine et al., 2005b), many unknowns and 

uncontrolled variables can influence the fate of dissolved organics in OSPW-containing aquatic 

systems (Han et al., 2009). Therefore, further controlled studies under laboratory conditions are 

needed to understand the long-term fate of NAs in OSPW. 
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The objective of this study was to investigate the long-term fate of dissolved organics in 

OSPW under various controlled conditions. The impacts of temperature, oxygen, and ozone pre-

treatment on water quality parameters such as turbidity, NAs degradation and toxicity reduction, 

were thoroughly investigated. Moreover, at the end of the experiments, the microbial community 

structure on the top and bottom layer of reactors was examined to identify key bacterial taxa 

involved in degradation of dissolved organics in OSPW during storage for approximately 4 years. 

To the best of the authorsô knowledge, this is the first study to comprehensively demonstrate the 

long-term fate of dissolved organics in OSPW under different conditions, providing valuable 

insights into the management and treatment of OSPW.  

4.2 Materials and methods 

4.2.1 OSPW and chemicals 

OSPW was collected from a tailings pond in Alberta, Canada, and stored in 200 L barrels 

located in a cold room (4 °C) before conducting the experiments. The characteristics of OSPW are 

shown in Table. 4.1. All solutions used in the experiments were prepared with Milli-Q water 

(Millipore Corp., USA). Solutions used in NAs analysis were prepared with Optima-grade water 

(Fisher Scientific, USA). 100-ɛm (df) SPME fibers (Sigma-Aldrich, Canada) coated with 

polydimethylsiloxane (PDMS), 0.612 ɛL PDMS per fiber, were used for the extraction of OSPW 

samples. HPLC grade sulfuric acid (H2SO4) (Sigma-Aldrich, Canada) was used for pH adjustment. 

Analytical grade 2,3-dimethylnaphthalene (DMN) was purchased from Sigma-Aldrich. 

Table 4.1. Characteristics of oil sands process-affected water. 

Parameter Raw oil sands process-affected water 

pH 8.5 ± 0.1 
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Chemical oxygen demand (COD), mg/L 204 ± 2.8 

Dissolved organic carbon (DOC), mg/L 60.5 ± 0.5 

Total naphthenic acids (NAs), mg/L 43.0 ± 1.1 

Turbidity, NTU 85.3 ± 8.3 

Dissolved oxygen (DO), mg/L 6.9 ± 0.2 

 

4.2.2 Experimental Set-up 

In order to investigate the effect of pre-treatment on the characteristics of OSPW during 

long-term storage under ambient temperature, pure nitrogen (N2), oxygen (O2), and a mild-dose 

(10 mg/L) of ozone were purged separately into different barrels to produce anoxic, oxic, and 

ozonated environments for OSPW. In addition, the temperature effect was also examined by 

storing raw (no pre-treatment) and ozonated OSPW under 4 °C. Duplicated reactors were set up 

for each condition. Samples (250 mL) were collected on each sampling date. All samples were 

filtered through a nylon filter (0.45 µm) before further analysis. 

4.2.3 NAs degradation analysis 

The degradation of NAs concentration during the storage of OSPW samples was measured 

by ultra-performance liquid chromatography time-of-flight mass spectrometry (UPLC TOF-MS) 

(Synapt G2, Waters, ON). In brief, the chromatographic separation was achieved by a Waters 

Phenyl BEH column with 2 mM ammonia acetate buffer in both water and 50/50 methanol/ 

acetonitrile. TOF-MS was operated in negative electrospray ionization (ESI) mode using MS scan 

over the mass range of 50-1200 Da in high-resolution mode (mass resolution = 40,000 FWHM at 

1431 m/z). Myristic acid-1-13C was used as an internal standard. All samples were filtered by using 

a 0.45 ɛm nylon filter prior to the analysis. Details of chromatographic separation and sample 
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analysis using UPLC TOF-MS have been reported elsewhere (Huang et al., 2018). The data was 

acquired by MassLynx (Waters) and processed by TargetLynx®V 4.2 software (Waters).  

The biodegradation process of NAs in OSPW follows pseudo first order reaction kinetics 

(Arslan et al., 2022). The rate constant (k) and the corresponding half-life period (t1/2) for the 

degradation of NAs were determined by Eq. 4.1-4.3: 

ὅ ὅὩ           τȢρ 

Ὧ  
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ὸ     τȢς 

ὸȾ  ÌÎς Ὧ     τȢσ 

where C0 is the initial concentration of NAs in OSPW, Ct is the concentration of NAs in OSPW at 

time t.  

4.2.4 Toxicity test 

The acute toxicity of OSPW samples was evaluated via Microtox® acute toxicity test (81.9% 

screening test) with the bacterial reagent A. fischeri, a luminescent marine bacterium. Microtox® 

has been reported previously in many research studies regarding the toxicity of OSPW and it was 

commonly used as a reliable bioassay in toxicity studies due to its high correlation with other 

animal-based toxicity assays (Arslan and Gamal El-Din, 2021; Ganiyu et al., 2022; Islam et al., 

2015). The pH of OSPW samples was adjusted to the required range (6.5-7.5) using 0.1 mM H2SO4. 

Then the suspension of A. fischeri was exposed to OSPW samples at 15 °C and bioluminescence 

inhibition tests were undertaken in duplicates in 96-well plates with a Synergy Microplate reader. 

The percentage inhibition was calculated after 15 min as recommended by the manual based on 

the Microtox® 81.9% screening test protocol. The luminescence intensity of A. fischeri in dilution 
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(2% NaCl in deionized water) and in phenol solution were measured as a negative control and 

positive control, respectively. The decrease in luminescence intensity of OSPW samples was 

calculated based on the equations shown below: 

2  
)

)
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where Rt is the correction factor, I0-B is the luminescence intensity of the negative control without 

A. fischeri, It-B is the luminescence intensity of the negative control with A. fischeri under t 

exposure time (t = 5 min or 15 min), Gt-s is Gamma for OSPW samples and the positive control 

under t exposure time. 

4.2.5 Analytical methods 

The OSPW pH was measured using an Accumet Research AR20 pH/conductivity Meter. 

The turbidity was tested with a turbidimeter (OAKTON). Dissolved oxygen (DO) was monitored 

by YSI model 50B DO meter (YSI Incorporated, Oh, USA). The oxidation-reduction potential 

(ORP) was analyzed in-situ with a YSI probe (1003 pH/ORP Sensor). The dissolved organic 

carbon (DOC) in filtered (0.45 µm) OSPW was measured using a Shimadzu VCSH total organic 

carbon (TOC) analyzer (Shimadzu, TOC-V CHS/CSN) based on thermal catalytic principle and 

non-purgeable organic carbon method. The chemical oxygen demand (COD) of OSPW was 

analyzed by using a thermal reactor (HACH) for digesting samples at 150 °C for 120 min and a 
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spectrophotometer (HACH) for reading samples after cooling down to room temperature. Each 

physicochemical parameter was analyzed in duplicate. 

The biomimetic extraction-solid phase microextraction (BE-SPME) has been developed as 

a tool to estimate total body residues in biota after exposure to organic mixtures, and is based on 

the principle that the SPME-water partition coefficients correlate well with octanol-water and 

membrane-water partition coefficients and provide a good surrogate for lipid partitioning (Van 

Loon et al., 1997; Verbruggen et al., 2000). BE-SPME has been reported as an industry benchmark 

for the measurements of bioavailable organics and acid-extractable organics (AEOs) in OSPW 

(Huang et al., 2021; Redman et al., 2018). Briefly, 20 mL OSPW samples were collected into glass 

vials and were acidified with 50 ɛL of phosphoric acid (85%, ACS grade) bringing the sample pH 

to the range of 2.0-2.4. Then samples were transferred to the SPME autosampler, where they were 

equilibrated with the 30 ɛm PDMS fiber for 100 min with orbital agitation (250 rpm) at 30 °C. 

After completion of the extraction period, the fiber was automatically retracted and injected into 

the GC-FID (Agilent 7890B) at 280 °C via the autosampler. The average molar response factor of 

2,3-dimethylnaphthalene (2,3-DMN) was used to convert the GC-FID response to nanomoles of 

organic constituents on the PDMS fiber. Based on the calibration curve of 2,3-DMN, the BE-

SPME/GC-FID results were expressed as ɛmol 2,3-DMN/mL PDMS according to the equation 

displayed below: 
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where AS is the sample peak area, AB is the blank run peak area, MWDMN is the molecular weight 

of 2,3-DMN (156.22 g/mol), VDMN is the 2,3-DMN injection volume (0.5 ɛL), VPDMS is PDMS 
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fiber volume (0.612 ɛL) and Á is the constant (the slope) of the calibration curve. The detection 

limit for BE-SPME/GC-FID was about 0.5 ɛmol as DMN/ mL PDMS. 

4.2.6 DNA extraction, 16S amplicon sequencing and bioinformatics 

Total bacterial communities were examined to study the overall composition as well as to 

identify key players under different storage conditions. Bacterial communities were analyzed at 

the end of the sampling period by taking samples from the top and bottom of the reactor. For the 

analysis of bacterial communities, 100 mL OSPW samples were filtered using a 0.45 ɛm nylon 

filter. Then, DNA on the filter was extracted by using DNeasy Blood and Tissue Kit (Qian Inc, 

USA).  

The analysis of microbial communities in OSPW has been reported in our previous reports 

(Arslan and Gamal El-Din, 2021; Arslan et al., 2022). In brief, sequencing was performed with an 

Illumina MiSeq platform (Micro300 PE) and the V3-V4 hypervariable region was targeted at the 

Applied Genomics Core facility (University of Alberta, Canada). 341F and 785R primers were 

used for library preparation. DADA2 computational pipeline (v1.8.0) was used for processing raw 

reads in R language, where true sequences were identified as amplicon sequence variants (ASVs). 

To assess the community diversity, richness, and pattern similarity, the alpha and beta diversity 

were calculated. The taxonomic assignment of each sequence was performed by using the 

ñassignTaxonomyò function in R and using the non-redundant SILVA taxonomic training set 

(ñsilva_nr_v128_train_set.faò, https://www.arb-silva.de/). Then, the microbial profiles were 

collapsed to phylum to species. The taxonomy-assigned ASV table was generated and imported 

into R language, where ñPhyloseqò package was used to perform diversity analyses and make bar 

plots, and a heatmap of the top 20 abundant ASVs was plotted in ñAmpvis2ò package.  
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4.2.7 Statistical analysis 

Statistical analysis including multiple regression, one-way analysis of variance (ANOVA), 

redundancy analysis (RDA), and correlation analysis were applied to analyze the quantitative 

correlation among characteristics of OSPW, and the impact of storage conditions on water quality. 

Multiple regressions were developed in OriginPro (v. 2021) to examine the relationship among 

characteristics of OSPW. The RDA plot and a correlation matrix were further performed to 

evaluate the relationship between storage conditions (temperature, oxygen, pH) and dependent 

variables including removal efficiency of turbidity, COD, DOC, NAs, and toxicity by using R 

language. 

4.3 Results and discussions 

4.3.1 Attenuation of OSPW 

4.3.1.1 Water quality 

The DO and pH of OSPW samples stored at 20 and 4 °C were monitored throughout the 

study period (Fig. 4.1). As shown in Fig. 4.1a, the DO was kept at less than 0.3 mg/L in the OSPW 

stored at anoxic conditions, whereas DO remained at ~7.2 mg/L in raw OSPW, ~7.7 mg/L in 

ozonated OSPW, and ~8.0 mg/L in the oxic OSPW under 20 °C. Accordingly, the oxidation-

reduction potential (ORP) values in anoxic OSPW at 20 °C were negative (Top: -207 mV, Bottom: 

-206 mV) whereas those in raw (Top: 129 mV, Bottom: 126 mV), ozonated (Top: 154 mV, Bottom: 

153 mV), and oxic OSPW (Top:142 mV, Bottom: 139 mV) at 20 °C were positive. It is well-

established that positive ORP supports the oxidation of organics; whereas its negative value below 

-200 mV facilitates methanogenesis at high rates that allow the transformation of organics in a 

syntrophic manner (Arslan et al., 2022). The initial pH values of all OSPW samples at 20 °C were 

approximately 8.7 due to the presence of sodium hydroxide used in the extraction of bitumen (Fig. 
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4.1b). A minimal decrease in pH was observed after ozonation, resulting in the initial pH of 8.5 

for the ozonated OSPW, which could be attributed to the buffering effect of bicarbonate ions 

present in OSPW. Similarly, the limited impact of ozonation on pH of OSPW was also reported 

by Zhang et al. (2016) and Martin et al. (2010). The pH values of all OSPW samples were relatively 

stable during the storage at 20 °C. For OSPW samples stored at 4 °C, both raw and ozonated 

OSPW had higher DO than the OSPW stored at 20 °C (Fig. 4.1c). It is well-known that DO is 

temperature-dependent and water in lower temperature water would hold more DO (Butcher and 

Covington, 1995). In addition, similar ORP values were observed at the top layer and bottom layer 

in raw (Top: 136 mV, Bottom: 134 mV) and ozonated OSPW (Top: 92 mV, Bottom: 87 mV) at 

4 °C. Unlike DO, temperature had minimal impact on the pH of OSPW, which led to similar pH 

values between OSPW samples stored at 4 °C and OSPW samples stored at 20 °C (Fig. 4.1d).  
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Figure 4.1 DO and pH of OSPW under different conditions: (a) DO of OSPW samples stored at 

20 °C; (b) pH of OSPW samples stored at 20 °C; (c) DO of OSPW samples stored at 4 °C; (d) 

pH of OSPW samples stored at 4 °C. 

The removal of COD, DOC, and turbidity were studied to determine the basic water quality 

of OSPW during the 4-year storage under different conditions (Fig. 4.2). The initial COD in raw 

OSPW, OSPW stored at oxic condition and OSPW stored at anoxic condition under 20 °C were at 
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around 210.0 mg/L, whereas the initial COD reduced to 197.3 mg/L in OSPW after ozonation pre-

treatment (Fig. 4.2a). Similarly, lower initial DOC was also found in ozonated OSPW (60.7 mg/L) 

compared to initial DOC in other OSPW (62.0 mg/L) under room temperature (Fig. 4.2b). The 

COD decreased gradually in all reactors stored at 20 °C, reducing to 157.1 mg/L (24.5%) in raw 

OSPW, 147.3 mg/L (25.3%) in ozonated OSPW, 155.0 mg/L (25.1%) in OSPW at oxic condition, 

and 165.1 mg/L (21.5%) in OSPW at anoxic condition. Similar reduction trends were observed in 

DOC, with the final concentration of 50.8 mg/L (17.8%) in raw OSPW, 48.7 mg/L (19.8%) in 

ozonated OSPW, 49.7 mg/L (19.3%) in OSPW stored at oxic condition, 51.7 mg/L (15.9%) in 

OSPW stored at anoxic condition. Among different conditions, ozonated OSPW had the lowest 

initial COD and DOC values and the highest decrease in both of them, indicating the positive effect 

of mild ozonation as a pre-treatment on removing COD and DOC from OSPW, which has been 

reported in previous studies (Islam et al., 2014a; Shi et al., 2015; Zhang et al., 2016). In addition, 

the COD reached a plateau in all reactors stored at 20 °C after 2.5 years and the DOC reached the 

plateau in all reactors stored at 20 °C within two years. Our results of COD and DOC demonstrated 

that the limited change (< 30%) of COD and DOC would occur in lab stored OSPW samples at 

20 °C, especially under anoxic condition, and the organic content remain stable in aged OSPW 

(>3 years), which is consistent with the observation in naturally aged OSPW in isolated oil tailings 

ponds (> 10 years) (Brown et al., 2013). Unlike COD and DOC, turbidity in OSPW samples (Fig. 

4.2c) stored at 20 °C reduced dramatically in the first few weeks, among which ozonated OSPW 

was the first to reach the plateau with the lowest turbidity of 0.5 NTU, followed by 0.6 NTU in 

OSPW under oxic condition, 0.9 NTU in raw OSPW, and 4.3 NTU in OSPW under anoxic 

condition. It has previously been demonstrated that a suitable dose of ozone can promote particle 

settling via particle destabilization and aggregation (Li et al., 2009; Liang et al., 2014; Liu et al., 
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2007). Several mechanisms of ozone-assisted particle destabilization and aggregation have been 

proposed, such as in situ production of coagulants by released oxidized metal ions from ozone, 

inducing polymerization of natural organic matter to form aggregates, and increasing carboxylic 

acids on solid surfaces to produce greater aluminum, magnesium, and calcium association that 

enables precipitation of metal humate complexes (Chheda and Grasso, 1994; Reckhow et al., 1986). 

Compared to the initial turbidity in raw OSPW (85.3 NTU), higher initial turbidity values were 

observed in OSPW samples under oxic (128.3 NTU) and anoxic (115.5 NTU) conditions due to 

the nitrogen and oxygen gas purging, respectively.  

For raw and ozonated OSPW stored at 4 °C, no remarkable decreases (< 10%) were 

observed in COD and DOC during the 4-year storage (Fig. 4.2d. 4.2e), suggesting that the aging 

effect of 4-year lab-aged OSPW stored at 4 °C would be minimum for any treatment that the water 

might undergo. Additionally, a slight reduction of turbidity removal was found in raw and 

ozonated OSPW stored at 4 °C (~ 90%) (Fig. 4.2f) when compared with turbidity removal in 

OSPW stored at 20 °C (> 95%). The significant change of turbidity in OSPW samples at both 

temperatures suggested that it is essential to mix OSPW before taking samples for testing. It is 

worth noting that ozonated OSPW had higher reductions of COD (7.3%), DOC (6.9%) and 

turbidity (90.1%) than the reductions observed in raw OSPW stored at 4 °C (COD: 4.6%, DOC: 

4.2%, turbidity: 82.2%), indicating the ozonation can enhance the removal of COD, DOC and 

turbidity in OSPW even at low temperature. The findings of this study are in agreement with 

previous research which observed a positive effect of ozonation on particle removal in a pilot plant, 

even at low temperatures in the range of 3.0-7.0 °C (Jasim et al., 2008).  
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Figure 4.2 Chemistry of OSPW stored at 20 °C: (a) COD, (b) DOC, (c) turbidity and stored at 

4 °C: (d) COD, (e) DOC, and (f) turbidity. 

4.3.1.2 Dissolved organics 

The removal of total, classical and oxidized NAs in OSPW under different storage 

conditions is shown in Fig. 4.3. OSPW with ozonation pre-treatment had the highest removal of 

total and classical NAs at 20 °C, decreasing from 40.4 mg/L to 11.1 mg/L (72.6%) (Fig. 4.3a), and 

from 22.5 mg/L to 1.8 mg/L (91.9%) (Fig. 4.3b), respectively. For other OSPW samples stored at 

20 °C, the removal of total and classical NAs shared the same order: oxic OSPW > raw OSPW > 

anoxic OSPW. It is suggested that biodegradation is responsible for the natural attenuation of NAs 



118 
 

in aged OSPW (Han et al., 2009; Quagraine et al., 2005b). Kinetics analysis was performed for 

biodegradation of total NAs and classical NAs in each OSPW sample stored at 20 °C, the 

corresponding rate constants were calculated (Fig. A.3), and the degradation half-lives for NAs 

are summarized in Table. 4.2. The shortest half-life for both total (474.8 days) and classical NAs 

(266.6 days) were observed in ozonated OSPW, indicating that integrating mild ozone with the 

biological process can effectively enhance the removal of NAs from OSPW (Zhang et al., 2019). 

It has been previously reported that the half-life of classical NAs in an OSPW sample with 

combined treatment of mild-ozonation and aerobic biodegradation was within the range of 48-55 

days (Martin et al., 2010). The longer half-life of classical NAs observed in the ozonated OSPW 

in this study could be due to lower concentrations of indigenous microorganisms in the OSPW 

samples. In oxic OSPW, the half-life for classical NAs was 346.6 days, which is in accordance 

with the earlier study where a half-life of 203-315 days was observed during aerobic 

biodegradation of classical NAs (Mahdavi et al., 2015). However, poor degradation of total and 

classical NAs were found in anoxic OSPW, with the longest half-li ves of 877.4 days and 577.6 

days, respectively, indicating that oxygen plays a role in the fate of dissolved organics in OSPW 

at 20 °C.  

In this study, the removal of oxidized NAs was also evaluated, as they are considered as 

oxidation products of classical NAs. As shown in Fig. 4.3c-4.3f, the concentrations of oxidized 

NAs in all OSPW samples stored at 20 °C were found to be lower than those of classical NAs, in 

the following order: O3-NAs > O4-NAs > O5-NAs > O6-NAs. This result is consistent with the 

earlier findings that classical NAs are the dominant NAs species in OSPW (Huang et al., 2018; 

Xue et al., 2017). Compared to classical NAs, oxidized NAs exhibited less reduction in all OSPW 

samples stored at 20 °C, with O3-NAs 71.5%, O4-NAs 40.7%, O5-NAs 35.8%, and O6-NAs 27.7% 
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in raw OSPW, followed by oxic OSPW (O3-NAs 68.2%, O4-NAs 32.9%, O5-NAs 32.5%, O6-NAs 

27.6%), ozonated OSPW (O3-NAs 64.0%, O4-NAs 30.0% , O5-NAs 27.0%, O6-NAs 25.9%), and 

anoxic OSPW (O3-NAs 64.2%, O4-NAs 32.5%, O5-NAs 22.5%, O6-NAs 17.4%). The 

comparatively high removal of O3-NAs, limited removal of O4-NAs and O5-NAs, and lowest 

removal of O6-NAs could be due to the preferential biodegradation of compounds with low carbon 

number and cyclicity (Scott et al., 2005; Zhang et al., 2016), and a higher degree of alkyl branching 

and oxygenation in persistent oxidized NAs (Han et al., 2009; Smith et al., 2008). In addition, it 

should be noted that anoxic condition resulted in a removal of oxidized NAs that is comparable to 

oxidized NAs removal in both the oxic and ozonated conditions, implying that certain 

microorganisms active under anoxic conditions are capable of metabolizing oxidized NAs (Xue et 

al., 2018). In fact, some ɓ-Proteobacteria have been reported to possesss the capability to 

concurrently denitrify and metabolize recalcitrant hydrocarbons (Xue et al., 2016). More detailed 

discussion on microbial community structures is found in section 4.3.2.  

Compared to OSPW samples stored at 20 °C, a much smaller amount of NAs was removed 

in both raw and ozonated OSPW at 4 °C, with a removal efficiency of total NAs recorded at 29.6% 

and 32.8%, respectively (Fig. 4.3g-4.3l). The results demonstrated that temperature, in addition to 

oxygen, holds a significant influence on the determination of the concentration of dissolved 

organics in OSPW. Moreover, the findings confirmed the effectiveness of storing OSPW samples 

in a cold room (4 °C) before experiments, which is a common practice in most OSPW studies 

(Abdelrahman et al., 2023; Arslan et al., 2022; Huang et al., 2021). In line with the results obtained 

from OSPW samples stored at 20 °C, ozonation could also enhance the degradation for both total 

and classical NAs at 4 °C. However, there was no dramatic difference in the removal of oxidized 

NAs between raw and ozonated OSPW stored at 4 °C.  
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To better understand of the different characteristics of aged OSPW in field conditions and 

in controlled laboratory settings, the removal of total NAs in OSPW aged in the reclamation pond 

and in the laboratory were compared in Table 4.3. It is interesting to note that the removal of total 

NAs in 4 years-aged OSPW at 20 °C in the laboratory (highest 72.6%) is higher than that in OSPW 

aged over 10 years in the reclamation ponds (highest 48.3%), indicating that controlled laboratory 

settings can be more efficient in removing NAs from OSPW than in situ field conditions. 

Furthermore, the estimated in situ degradation half-lives for total NAs in the field were between 

12.8 and 13.6 years (Han et al., 2009), which is considerably longer than the longest half-life for 

total NAs in lab-aged OSPW of 877.4 days (~3 years) at 20 °C. This could be due to the differences 

in environmental factors and degradation mechanisms between field and laboratory conditions. 

For example, the field conditions may not provide optimal conditions for the growth and activity 

of microorganisms involved in NAs degradation. The decrease of NAs may result from various 

processes in the ponds such as dilution from natural water (e.g. rainfall and runoff), biodegradation, 

partitioning onto suspended solids and residual bitumen, and water-air partitioning in summertime. 

In contrast, biodegradation is likely the main mechanism for the reduction of NAs under laboratory 

conditions and the controlled conditions can be enhanced for NAs removal, providing a more 

suitable environment for the microorganism. 
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Figure 4.3 Removal of NAs in OSPW: (a) total NAs in OSPW stored at 20 °C; (b) classical NAs 

in OSPW stored at 20 °C, (c) O3-NAs in OSPW stored at 20 °C; (d) O4-NAs in OSPW stored at 

20 °C; (e) O5-NAs in OSPW stored at 20 °C; (f) O6-NAs in OSPW stored at 20 °C; (g) total 

NAs in OSPW stored at 4 °C; (h) classical NAs in OSPW stored at 4 °C, (i) O3-NAs in OSPW 




























































































































































































































































































































































































