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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



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



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 DMERG64
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 Alberta’s 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: (1) 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 (ii1) the mixture of bitumen, clay, and water is



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



(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).



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 -
oxidation is the dominant degradation pathway, but a-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 1is 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 Si0>), 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



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)z), 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



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 (Ca%" and Mg?") 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



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.

7



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 (-NH>").
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; Tlavsky et al., 1984).
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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



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 (P’) which can react with dissolved
oxygen to form polymer peroxyl radicals (P05). After a bimolecular reaction between two polymer
peroxyl radicals, chain breakage will occur and polymer fragments (F; and F,) will be formed

(Grollmann and Schnabel, 1982).

PH + HO - P + H,0 (1.1)

P + 0, > PO; (1.2)

2P0;, - POOOOP - 2P0 + 0, (1.3)
PO - F; + F, (1.4)

Numerous studies have highlighted the crucial role of dissolved oxygen and Fe?" 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 Fe**, 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



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 Fe*" 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

12



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!

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 CaCOs, 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 (Ca?") and magnesium (Mg**), 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

! 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

etal., 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 (> 2x10~ 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 A down
to 10-20 A, 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)> 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
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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
Initial o .
Initial silica Contact ~ Dominant
Magnesium  molar Temperature : Reference
pH concentration time mechanism
compounds ratio °C)
mg/L min
MgSi (mg/L) (min)
Magnesium
11.2- (Zhang et
MgCl, ~1 250 85 60 silicate
11.3 al., 2021)
precipitation
11.2- (Zhang et
MgOH 1.4 250 85 60 Adsorption
11.3 al., 2021)
Magnesium
Non-slaked 11.2- (Zhang et
2 250 85 60 silicate
MgO 11.3 al., 2021)
precipitation
11.2- (Zhang et
Slaked MgO 2 250 85 60 Adsorption
11.3 al., 2021)
Magnesium
8.2- (Latour et
MgO 1-1.5 260 25-50 1440 silicate
9.5 al., 2015)
precipitation

32



(Chen et
MgOH, >22 >9 21 25 20 Adsorption

al., 2006)

Magnesium  (parks and

MgCl, <6 10.8 12 - 50 silicate Edwards,

precipitation 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; Liet 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 (SUV2s4) values. As shown in Figure 2.3, BBD water and its HPoA and
HPoN fractions had higher SUV2s4 values (4.3, 5.0 and 4.0 L mg” m!, 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.

35

60



Aromatic

DOW
E
=}
s 6 7 &
BFW
"
&
=}
0 1 2 3 4 5 6 7 8
Raw
BBD
HPiN
HPiB
2 HPiA
o
HPoN
HPoB
HPoA =
0 1 2 3 4 5 6 7

SUV;g, value

@ Plant D (Pillai et al, 2017) @Plant C (Pillai et al. 2017) @ Plant B (Pillai et al., 2017)

OPlant A (Pillai et al,2017) @Plant (Thakurta et al.2013)

Figure 2.3 SUVA»s4 values of raw DOW, BFW, and BBD water samples and their fractions
from different SAGD plants (SUV2s4 >4: predominantly aromatic compounds; SUV2s4 2-4:

mixture of aromatic and aliphatic organic matter; SUV»s4 <2: predominantly aliphatic
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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 Fraction Peaks location (Ex/Em Chem nature Reference
Type wavelength nm)
Tryptophan-like; (Hayatbakhsh et
WLS i 220-350/350-430 fulvic-like; humic-like al., 2016)
BBD i 205-250/375-450 and 300- Tryptophan-like, (Fatema et al.,
340/375-480 fulvic-like, humic-like 2015)
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BBD ) 250/375-425 and 300-340/375- Tryptophan-like, (Guha Thakurta
480 fulvic-like, humic-like etal., 2013)
BBD HPoA 310-340/400-500 Humic-like (Guha Thakurta
etal., 2013)
BBD  HPoA 300-350/380-460 Humic-like e
Tyrosine-like, (Guha Thakurta
BBb HPoR 223-230/325-380 tryptophan-like etal., 2013)
BBD  HPoN 225-275/325-460 Fulvic-like, humic-like (1P Thakurta
etal., 2013)
. (Guha Thakurta
BBD HPoB 260-290/280-320 Tryptophan-like el 2013
. (Guha Thakurta
BBD HPoB 225-250/375-425 Tryptophan-like etal., 2013)
BBD HPiA 320-375/375-500 Humic-like (Guha Thakurta
etal., 2013)
BBD HPIiA 300-350/380-460 Humic-like (Guha Thakurta
etal., 2013)
BBD HPIN  210-225 and 250-275/280-320 Tyrosine-like (Guha Thakurta
etal., 2013)
. 210-225/275-310 and 210- Tyrosine-like, (Guha Thakurta
BBD HPIB 225/325-400 tryptophan-like etal., 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 S>Ox species in

38



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

2-3 oxygen atoms represented the majority of the species.
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NO2S

NO4 ® BBD (Pereira et al., 2013)

NO3

NO2
NO
N1
06
05
04
03
02
01

mBBD (Pillai et al., 2017)

Class

0 10 20 30 40 50
Relative Abundance (%)

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, 20006).
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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.

Water ~ 1eMPerature  peeq  Optimal

Coagulant  Flocculant Mechanism Reference
type °C) pH removal
Surface
sy el
Produced TOC (Al-As'ad and
AlNO3) i water 80 12 enmeshment Husein, 2014)

(pH: 3.7) coagulation

73% of
Toc Surface
(pH:1.6)  neutralization;
localized
Produced 0 (Al-As'ad and
FeCls ) water 80 12 >80%of  enmeshment  yuqein 2014)
silica coagulation
(pH:7.9)
18% of Surface
Produced TOC neutralization (Al-As'ad and
CaNOs) - water 80 12 Husein, 2014)
(pH:9.1)
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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-As’ad 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), 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 Fe*" 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 [ERW.

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 (Ozacar and Sengil, 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 o1l & 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), 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-COAGULATION-FLOCCULATION-SEDIMENTATION IN
STEAM ASSISTED GRAVITY DRAINAGE PRODUCED WATER:

PERFORMANCE, INTERACTION EFFECTS AND MECHANISM STUDY?

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 (Ca**, Mg**) 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),), magnesium oxide (MgO), soda ash (Na,COs3),

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).,
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 CaCOs; and Mg(OH),, 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), particles and increase the magnitude of negative charge on CaCOs 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)> and precipitation as magnesium silicate were proposed.
However, the synthetic water used in their study only contained Na,SiO3, 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, Na;CO3, sodium chloride (NaCl), calcium chloride dehydrate

(CaCl - 2H»0), magnesium chloride hexahydrate (MgCl, - 2H>0), sodium bicarbonate

(NaHCOs3) were purchased from Fisher Chemicals. Kaolinite clay (Al2O3 * 2S10; + 2H20) was

obtained from Fluka. Sodium metasilicate (Na2S103), humic acid sodium salts (CoHsNa20O4) 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 Na,SO.) 2000 mg/L Total dissolved solids (TDS)
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CaCl, * 2H>0O and MgCl, + 2H,O 250 mg/L as CaCO; Total hardness

Kaolinite 500 mg/L Total suspended solids (TSS)
NaHCOs3 650 mg/L as HCOs Bicarbonate alkalinity
Humic acid sodium salt (HAS) 150 mg/L as C Total organic carbon (TOC)
NaySiO; 250 mg/L as SiO; Silica

3.2.2 Softening-coagulation-flocculation test

A Phipps & Bird PB-700™ 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 Na>COs (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 (Y5),
and SVI (Y7) are the responses of interest. Table 3.2 shows the CCD in the form of a 2* 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.

Y=o+ 24: Bix; + 24: Biix{ + Z Z Bijxixj + € B
i=1 i=1

i=1 i%j=1

where Y is the response, x; and x; are the coded values of the operational variables i and j, B, is
the intercept, B;, Bii, Bij denote linear coefficient, the quadratic coefficient for i and the interaction
coefficient between i and j, 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 um nylon
filter) was measured by using a Spectrophotometer (DR 3900, HACH, Germany) with Hach
TNTplus Vial Test kit 822. The concentration of calcium (Ca?") and magnesium (Mg?*) 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 Hooke’s 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 R?

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 models’ 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.

Turbidity removal (Y;)% = 98.37-0.7422 x A+ 0.7903 * B + 0.7328 * C — 0.0953 * D
4+0.5119 * AB-0.3569 * BC-0.2076 * A>-0.2982 * B? (3.2)

TSS removal (Y,)% = 95.91 — 0.8444 x A + 1.10 * B + 0.7687 * C + 0.3506 * D
+0.5825 * AB + 0.4795 * C? + 0.3582 * D? (3.3)

Particulate hardness removal (Y3)% = 99.58 — 0.0544 * A + 0.5631 * B+ 0.7469 = C

+0.2294 * D — 0.3825 * BC + 0.2138 « BD — 0.4837 * CD
—0.4085 * B2 — 0.3756 * C2 — 0.2625 * D? (3.4)

Silica removal (Y4)% = 16.89 + 1.50 * A+ 1.90 * B + 0.2775 « C — 0.005 * D + 1.72 = AB
—1.29%AC+1.33*BC+ 1.79%*BD + 1.58 * CD + 1.31 * B2 4+ 1.32 * C%2 4+ 1.09 * D? (3.5)

TOC removal (Y5)% = 72.79 4+ 3.90 * A — 0.6053 * B+ 0.1434 * C +
0.2041 *D — 1.71 * BC — 1.18 * A> — 0.7143 * D? (3.6)

TIC removal (Yg)% = 30.38 + 0.7734 * A — 0.1647 * B — 0.6528 * C — 0.6628 * D
—2.12 x AC + 1.50 * AD + 1.79 * CD + 0.4008 * A2 — 0.3955  B? (3.7)

SVI (Y;)(mL/g) = 38.83 —1.89x A+ 2.35%*B—0.3828 xC+ 2.24 xD
—1.08 * AB + 1.56 * AD — 1.77 « CD — 1.22 * B> — 0.8624 * C* — 1.47 = D? (3.8)

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, B?, C? and D? each represent the quadratic effect terms.

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

Turbidity TSS hardness Silica TOC TIC SVI
removal  removal removal removal removal
removal

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
R? 0.91 0.91 0.93 0.92 0.93 0.91 0.92
Adjusted R? 0.88 0.89 0.90 0.88 0.91 0.88 0.88
Predicted R? 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 2291 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, (¢) 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. 3.2¢) 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, (¢)
particulate hardness removal, (d) silica removal, (e) TOC removal, (f) TIC removal, and (g) SVL
(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, C? and D? 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. 3.3¢c). 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 CaCOs3 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 (¢) flocculation time and coagulation speed.

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. 3.5¢c, 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, 6¢). 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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3.3.2.58VI

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. 3.7¢ shows that reduction of
SVIwith increasing coagulation speed was observed at longer flocculation time (>12 min). Previous studies
(Wuetal., 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).

79



a)
@ Design points above predicted value
Q© Design points below predicted value
265 R 4354

Other actual Factors
C: Coagulation speed= 150 rpm
D: Flocculation time= 12 min

SVI(mL/g)

B: mixing time with 60 A: Poly-
coftene: ) 2750
softeners only (min)

{mg/L)

©)
Other actual Factors
A: Poly-DADMAC dose~ 70 mg/L 15
B: Mixing time with softeners
only= 10 min

SVI{mL/g)

12
D: Flocculation
time (min)

DADMAC dose

IR

e
b

b)
Other actual Factors
B: Mixing time with sofieners
only= 10 min
C: Coagulation speed= 150 pm

12
D: Flocculation 8
time (min) 4 50 DADMAC dose

{(mg/L)

e
A
e o

<5
-

100 o, Coagulation
speed (rpm)

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

“maximize” for the most of removal efficiency and was set “within the range” 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 “within the range”. Subsequently,



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 Upper Lower Upper  Importance

limit limit weight weight coefficients
Poly-DADMAC dose minimize 60 80 1 0.1 5
le)t(mg tlmelwnh within range 6 14 | 0.1 3
Inputs softeners only
Coagulation speed within range 100 200 0.1 1 3
Flocculation time within range 8 16 1 0.1 3
Turbidity removal maximize 94.38 99.59 1 1 2
TSS removal maximize 92.83 99.63 1 1 2
Particulate hardness maximize 9591  99.88 0.1 1 4
removal
Outputs
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.

Response-predicted
Variable
(observed)
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Mixing

Poly- . f . . Particulat o
DADMAC time with Coagulati Elocculatlon Turbidity TSS e hardness Silica TOC TIC SvI
softeners on speed time removal removal removal removal
dose only removal removal
(x) (x2) e, O O N O S
(x1) (x (%)
2)
99.18 99.11 99.36 27.00 69.01 30.28 38.07
67 mg/L 14 min 200 rpm 16 min (98.99)

(98.83)  (99.53)  (25.16) (68.56) (30.55)  (39.52)

60 80 6 14 100 200
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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, 9¢) 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 um with
the peak of particle size distribution at 30 pm while the flocs formed under room temperature had
narrower range of 0-80 um with the peak of particle size distribution at 20 pm, 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 (Ca®*,
Mg?"), 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 (0:39.65%, 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).
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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.

Element (wt%)

Sample Sum
0 C Na Al Si Cl Ca Mg S K

Raw 15.50 2290 1720 510 3.60 2970 150 0.10 2.63 1.80  100.03

After

treatmentat ~ 39.65 27.60 4.68 8.46 7.10 390 530 320 0.10 0.00 99.99
20°C

After
treatment at 41.00 28.04 0.50 10.57 8.53 0.40 6.45 4.50 0.00 0.00 99.99
80 °C

The XRD patterns of the raw particles and flocs are shown in Fig. 3.10a. The appearance
of kaolinite and CaCOs in the formed flocs demonstrated that they were successfully removed
from water. The observed peaks in the formed flocs at 26 = 42.5°, 50.3°, and 73.8° 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), peaks (20 = 44.8°, 60.5° and 68.9°) were only found at high
temperature. This indicates that silica and Mg?" 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),. Additionally, very weak peaks of Ca(OH) appeared in
the flocs formed under high temperature, which can be explained by the decreased solubility of

Ca(OH); 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’!, 1030
cm™, 1006 cm!, 913 cm™ 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™ and 1006 cm! in the flocs formed under high
temperature (80 °C). The band at 3618 cm™! is associated with the structural hydroxyl group (Geger,
2022), which can belong to magnesium silicates or Ca(OH), and Mg(OH). The peak at 1407 cm’
! 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™! peak and the 873 cm™ 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™ and 740 cm™! 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™ 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 (x
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 (Wi$niewska, 2012).
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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 CaCOs3 and Ca(OH). (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): 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=0 (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.,

88



2018), 287.8 eV and 288.0 eV (O-C=0) (Chen et al., 2020), were also observed in formed flocs.
The peaks of O 1s and C Is 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 (Faa/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 Fa¢/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 (Ca*" and Mg*")
were removed by forming CaCO3; and Mg(OH), particles simultaneously during lime softening at
high temperature (80 °C), whereas Mg>" 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)» peak appeared in the flocs formed under high temperature, indicating
that the adsorption on freshly precipitated Mg(OH), 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) decreases, resulting in the limited amount of Mg?* 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
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Mg(OH); 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). 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): 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 C,H2n+7Ox, 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 <x < 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; Goffet 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 authors’ 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-um (dr) SPME fibers (Sigma-Aldrich, Canada) coated with
polydimethylsiloxane (PDMS), 0.612 uL. 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 85+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 853+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 (0Oz), 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 pm) 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-'3C was used as an internal standard. All samples were filtered by using

a 0.45 pm 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 (ti2) for the

degradation of NAs were determined by Eq. 4.1-4.3:

C, = Coe™t (4.1)
K = (In(Cy) — ln(Ct))/t (4.2)
t12 = ln(2)/k (4.3)

where Cy is the initial concentration of NAs in OSPW, C; 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 H>SOs.
Then the suspension of 4. 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 4. 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:

|
R, = —2 (4.4)

lo-B

Io_s X R

Ges = =7~ (4.5)

t—s
Inhibition effect % = _Ges 100 (4.6)

(Ge—s + 1)

where Rt is the correction factor, Io.g is the luminescence intensity of the negative control without
A. fischeri, 1i.p is the luminescence intensity of the negative control with A4. fischeri under t
exposure time (t = 5 min or 15 min), G¢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 pm) 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 pL 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 um 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 umol 2,3-DMN/mL PDMS according to the equation
displayed below:

(As — Ag) X Vpmn
a X MWpmn X Vppus

C ( lDMN PDMS) = 4.7
onc. { pmol —— = (4.7)

where Asis the sample peak area, Agis the blank run peak area, MWpmn is the molecular weight

of 2,3-DMN (156.22 g/mol), Vpmn is the 2,3-DMN injection volume (0.5 pL), Vepms is PDMS
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fiber volume (0.612 pL) and a is the constant (the slope) of the calibration curve. The detection

limit for BE-SPME/GC-FID was about 0.5 pmol 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 um 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
[llumina 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. DADA?2 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
“assignTaxonomy” function in R and using the non-redundant SILVA taxonomic training set
(“silva_nr v128 train_set.fa”, 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 “Phyloseq” package was used to perform diversity analyses and make bar

plots, and a heatmap of the top 20 abundant ASVs was plotted in “Ampvis2” 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.
4.2¢) 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. 4.2¢), 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
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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-lives 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. 4.3¢c-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 > Os-NAs > O¢-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%, Os-NAs 35.8%, and Os-NAs 27.7%
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in raw OSPW, followed by oxic OSPW (O3-NAs 68.2%, O4-NAs 32.9%, Os-NAs 32.5%, O¢-NAs
27.6%), ozonated OSPW (O3-NAs 64.0%, Os-NAs 30.0% , Os-NAs 27.0%, O¢-NAs 25.9%), and
anoxic OSPW (0O3-NAs 64.2%, Os-NAs 32.5%, Os-NAs 22.5%, O¢-NAs 17.4%). The
comparatively high removal of O3-NAs, limited removal of O4-NAs and Os-NAs, and lowest
removal of Os-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 P-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-4.31). 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 sifu field conditions.
Furthermore, the estimated in sifu 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
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stored at 4 °C; (j) Os-NAs in OSPW stored at 4 °C; (k) Os-NAs in OSPW stored at 4 °C; (1) O¢-

NAs in OSPW stored at 4 °C.

Table 4.2 Summary of estimated half-life times for total and classical NAs measured at 20 °C

for each condition.

Total NAs Classical NAs
Reactors
ti2 (days) ti2 (days)
Raw 537.3 433.2
Ozonated 474.8 266.6
Oxic 502.3 346.6
Anoxic 877.4 577.6

Table 4.3 Comparison of concentration of total NAs in field-aged and lab-aged OSPW.

Sample L A.g M8 Total NAs Analytical
. . Description time . Reference
designation removal (%) instrument
(years)
A pond containing (Han et al.,
TPW OSPW only 13 48.3 FT-IR 2009)
A pond containing (Anderson
TPW OSPW only 16 41.6 FIAR al., 2012)
A pond containing (Han et al.,
CT POND OSPW only 9 38.6 FT-IR 2009)
Raw OSPW stored at UPLC- Present
Raw 20 20 °C in the lab ~4 69.8 TOF-MS study
Ozonated OSPW
Ozonated 20 stored at 20 °C in the ~4 72.6 UPLC- Present
TOF-MS study
lab
Oxic20  condition (21021 i 4 722 UPLC- — Present
' TOF-MS study

the lab
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OSPW stored at

Anoxic 20 anoxic condition at ~4 48.8 T[g)l;ljlg/l-s Pr:usgnt
20 °C in the lab Sudy
Raw OSPW stored at UPLC- Present
Raw 4 4 °C in the lab ~4 29.6 TOF-MS study
Ozonated OSPW UPLC- Present
Ozonated 4 stored at 4 °C in the ~4 32.8
lab TOF-MS study

BE-SPME was employed in this study to investigate the bioavailable organics and acid-
extracable organics in OSPW on the basis of system exposure (i.e., lipid uptake) as opposed to
external water concentrations (Fig. 4.4). Similar to NAs results, SPME fiber concentration
decreased over time in OSPW samples at 20 °C, following the order of ozonated OSPW (35.2%) >
oxic OSPW (32.3%) > raw OSPW (30.9%) > anoxic OSPW (30.6%) (Fig. 4.4a), while only
minimal decline was found in raw (8.0%) and ozonated OSPW (9.7%) at 4 °C (Fig. 4.4b). In
addition, ozonated OSPW had higher SPME fiber concentrations than raw OSPW at both
temperatures, which may be attributed to the higher partitioning of dissolved organics in ozonated
OSPW with the PDMS fiber. Further analysis of organics components and their partitioning
behavior with PDMS fiber is required to gain a deeper understanding of the varying BE-SPME

results across the OSPW samples.
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Figure 4.4 Reduction in SPME fiber concentration in OSPW stored at 20 °C (a) and 4 °C (b).

4.3.1.3 Toxicity

The toxicity of OSPW stored under different conditions was evaluated using Microtox®
bioassay (Fig. 4.5). As shown in Fig. 4.5a, the inhibition effect of all OSPW samples at 20 °C
diminished over time, with the maximum reduction observed in ozonated OSPW (40.5% to 15.9%)),
followed by oxic OSPW (42.1% to 17.9%) and raw OSPW (43.1% to 19.7%). The smallest
reduction was observed in anoxic OSPW (40.1% to 22.7%). Such reductions are expected because
the concentration of NAs, which are the main dissolved organic compounds responsible for acute
toxicity in OSPW, are depleted to some extent by biodegradation and partitioning onto suspended
solids, resulting in the reduction of the acute toxicity of aged OSPW (Del Rio et al., 2006; Han et
al., 2009). In contrast to OSPW samples stored at 20 °C, a limited decline in inhibition effect was
observed in both raw OSPW (41.3% to 32.6%) and ozonated OSPW (33.3% to 22.6%) at 4 °C
(Fig. 4.5b). This result indicated that acute toxicity was not significantly affected by a four-year

storage period under 4 °C, which is consistent with findings from a previous study (Whale et al.,
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2022). Furthermore, the inhibition effects of ozonated OSPW and raw OSPW stored at 4 °C
showed comparable reductions, implying that the hindered biological process at 4 °C would
diminish the ozonation impact on reducing acute toxicity. In fact, earlier research has reported a
positive effect of ozonation on acute toxicity removal and suggested that the acceleration of acute
toxicity removal was not solely due to ozonation, but rather the combination of ozonation and

subsequent biodegradation (Martin et al., 2010; Wang et al., 2013).
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Figure 4.5 Reduction in acute toxicity to A. fischeri of OSPW stored at 20 °C (a) and 4 °C (b).

4.3.2 Correlation analysis
4.3.2.1 Correlation between NAs and other water quality parameters

The analysis of correlations between NAs and other quality parameters of OSPW can be
important in predicting the degradation of NAs species during the aging of OSPW and in
enhancing the understanding of the impact of NAs on the toxicity of OSPW. Fig. 4.6 presents the
relationship between the concentration of total NAs and COD, DOC, Microtox®, and BE-SPME,
as well as BE-SPME and Microtox®. As illustrated in Fig. 4.6a, 6b, total NAs exhibited a stronger
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correlation with COD (R? = 0.90, p-value <0.001) compared to DOC (R? = 0.72, p-value <0.001),
suggesting that COD is likely more appropriate than DOC as a surrogate variable to estimate NAs
concentrations. These findings are in alignment with a previous study on NAs degradation in
OSPW (Islam et al., 2014b). Additionally, ANOVA analysis for the regression model indicated
that these linear relationships are statistically significant (p-value <0.001). Thus, it can be
concluded that COD surrogate parameter presented a statistically significant linear relationship
with the concentration of total NAs in OSPW. Considering the limited range of total NAs
concentrations covered in this study, we incorporated three additional data points from the
Mesocosm study (not yet published) in our research group. These data points included
relationships between total NAs and inhibition effect, as well as between BE-SPME and inhibition
effect. By integrating these supplementary data points, we were able to enhance the demonstration
of the dose-response relationship. Based on Fig. 4.6¢ and Fig. 4.6d, similar fitting lines were
observed between the total NAs concentration and inhibition effect, and BE-SPME concentration
and inhibition effect. Our findings support the use of BE-SPME as a tool to predict acute toxicity
during exposure to a complex mixture such as OSPW and are in agreement with prior research
(Cancelli and Gobas, 2022; Redman et al., 2018). A significant linear relationship was observed
between the concentration of total NAs and BE-SPME (R? = 0.75, p-value <0.001) in this work
(Fig. 4.6¢), as presented in an earlier OSPW study on the toxicity assessment of NAs (Swigert et
al., 2015). The positive intercept in the correlation between total NAs and BE-SPME is expected
because the organics measured by BE-SPME comprise both hydrocarbons and NAs (Cancelli and

Gobas, 2022; Huang et al., 2021).
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Inhibition effect (curve is logistic regressions of effects data), and (e) Total NAs- BE-SPME
(three dots were borrowed from the Mesocosm study in our research group: 1) control-river

water; 2) 50% OSPW; 3) 100% OSPW).

4.3.2.2 Correlation between storage conditions and water quality

The quantitative correlation between the storage conditions (temperature, pH and DO) and
the removal efficiency of water quality parameters (turbidity, COD, DOC, total NAs, classical
NAs, Microtox®, and BE-SPME) was further investigated by using redundancy analysis (RDA)
(Fig. 4.7a) and correlation matrix (Fig. 4.7b). As shown in Fig. 4.7a, the RDA analysis revealed
that the RDA1 and RDA?2 ordination axes explained 97.27% of the total variance data (p-value <
0.05). Temperature showed a significant positive correlation with the removal efficiency of all
water quality parameters and correlation coefficients were above 0.90 (Fig. 4.7b), which aligns
with prior studies where the positive effect of temperature was found on pollutant removal in
various wastewater treatments (Arora and Kazmi, 2015; Luo et al., 2023). In contrast, there was a
weak and negative correlation between DO and the removal efficiency of all water quality
parameters with the correlation coefficients below -0.27, indicating a minimal inverse influence of
DO on preserving water quality. Additionally, pH had the weakest positive correlation with the
removal efficiency of COD and BE-SPME, with correlation coefficients being less than 0.1, and
negative correlation with the removal efficiency of turbidity, DOC, total NAs, classical NAs, and
Microtox®, with the correlation coefficients below -0.06. Overall, the statistical analysis results
highlight that temperature had the most significant impact on OSPW quality, which also supports
the common practice in OSPW studies of preserving OSPW samples in a cold room before

laboratory experiments (Abdelrahman et al., 2023; Arslan et al., 2022; Huang et al., 2021).
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Figure 4.7 The statistical correlation of the storage conditions and the water quality: (a)

redundancy analysis (RDA) and (b) correlation matrix.

4.3.3 Microbial community profiling in the reactors

The microbial community structures were studied to understand the role of microbial

communities during OSPW storage in the laboratory under different conditions. A total of 3,730
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phylotypes were observed at the 97% sequence similarity level, which comprised 29 phyla and
225 genera. Alpha diversity analysis was carried out to statistically interpret the changes in
microbial community composition. The Shannon diversity index (H) was above 4.0 for the
microbial communities in all OSPW samples, suggesting that microbial communities were
abundant and diverse in OSPW (Fig. 4.8a). Furthermore, the results of H also illustrated that the
microbial community in raw OSPW samples was higher than in ozonated OSPW stored at 20 °C,
which could be due to the radicals generated from ozone pre-treatment, leading to unfavorable
conditions for the bacterial growth and metabolism (Ganiyu et al., 2022), or the selection of
ozonation in favor of certain species and against others (Huang et al., 2017; Hwang et al., 2013).
In contrast, the Chaol analysis showed no significant difference in microbial richness between raw
OSPW and ozonated OSPW at 20 °C (Fig. 4.8a), suggesting that ozonation mainly affects the
structure rather than the richness of the microbial community. Our findings are consistent with a
previous study which found that low ozonation dosages (< 80 mg/L) did not severely affect the
viability of microorganisms (Hwang et al., 2013). Interestingly, when the temperature decreased
from 20 °C to 4 °C, the diversity and richness of the microbial community decreased in raw OSPW.
This may be attributed to relatively higher toxicity and classical NAs present in raw OSPW at 4 °C.
Conversely, the diversity and richness of the microbial community increased in ozonated OSPW
when temperature decreased from 20 °C to 4 °C due to the lower toxicity and classical NAs found
in ozonated OSPW at 4 °C. Moreover, compared to raw OSPW at 20 °C, oxic OSPW had a similar
microbial diversity but lower microbial richness, indicating that higher DO might act as
environmental stress on the microbial communities to affect the community composition (He et
al., 2019). In contrast, anoxic OSPW had lower microbial diversity and richness, which can be

explained by the anoxic OSPW having higher NAs concentration and least reduction in toxicity.
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To study diversity patterns among microbial communities in the reactors under different
conditions, beta diversity analysis was performed using principal coordinate analysis (PCoA) (Fig.
4.8b). For OSPW samples stored at 20 °C, the bacterial communities from the top and bottom
layers of raw, ozonated, and oxic OSPW were grouped into two distinct clusters. This suggested
that the microbial community dissimilarities existed between the top and bottom layers of anoxic
and raw, ozonated, and oxic OSPW. Notably, the bacterial communities in the top and bottom
layers of anoxic OSPW at 20 °C were distinctly separated from those in other OSPW samples
stored at the same temperature, which is likely attributed to differences in oxygen availability.
When the temperature was at 4 °C, bacterial communities in the top and bottom layers of raw and
ozonated OSPW were found to be insignificantly different. However, ORP values at the top layer
and bottom layer were similar in all OSPW samples stored at both 20 and 4 °C. These findings
indicated that microbiological conditions, including temperature and oxygen, play a crucial role in

shaping bacterial communities, with ORP may also contributing to some extent.

The primary aim of performing 16S rRNA amplicon sequencing was to elucidate
underlying degradation mechanisms by identifying bacteria at lower ranks (e.g. genus-level
taxonomy). Hence, the top twenty most abundant bacterial taxa were considered in this study to
interpret abundant microbial processes in the reactor at top and bottom depths (Fig. 4.8c). In this
work, Proteobacteria, Firmicutes, Bacteroidetes, Planctomycetes, and Patescibacteria were the
dominant phyla in various OSPW samples. These phyla have been frequently observed in OSPW
from oil sands tailings (Siddique et al., 2012; Zhang et al., 2020), Athabasca watershed and
sediments (Yergeau et al., 2012), and in many other habitats (Herrmann et al., 2019). Several
members of these phyla are known to be involved in NAs and hydrocarbons degradation or

transformation via aerobic B-oxidation, combined a- and B-oxidation, aromatization and BPBA
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degradation, and fermentation pathways (Foght et al., 2017; Johnson et al., 2011; Quagraine et al.,

2005a).

In raw OSPW at 20 °C, the most abundant genera were Fontimonas (Bottom: 0.2%, Top:
10.7%), AKYG587 (Bottom: 1.9%, Top: 0.8%), SMI1402 (Bottom: 1.4%, Top: 1%), and
Hyphomicrobium (Bottom: 0.2%, Top: 2.1%). The abundance of Fontimonas and
Hyphomicrobium decreased at the bottom of raw OSPW because both of them are aerobic bacteria.
In contrast, the abundance of AKYG587 and SM1A02 increased from top layer to bottom layer.
The genus, Hyphomicrobium, was reported to metabolize organic matter at very low levels (Zhang
et al., 2022), and SM1A402 was proven to remove petroleum hydrocarbon (Bacosa et al., 2018).
However, the ability of Fontimonas and AKYG587 to degrade hydrocarbons and NAs has not been
previously demonstrated.

In ozonated OSPW at 20 °C, the most enriched bacterial genera were Bacillus (Bottom:
0%, Top: 31.8 %), followed by Fontimonas (Bottom: 1.3%, Top: 22.3 %). Bacillus is aerobic and
is known to degrade polyaromatic hydrocarbons and petroleum hydrocarbons, and likely plays a
role in NAs removal (Das and Mukherjee, 2007; McKenzie et al., 2014). The relative abundance
of this genus was substantially higher in ozonated OSPW (31.8%) than in other OSPW samples
(0%), corroborating the observation that the highest NAs removal occurs in ozonated OSPW.

In oxic OSPW at 20 °C, the abundant genera were Hyphomicrobium (Bottom: 2.4%, Top:
10.8%), Fontimonas (Bottom: 0.2%, Top: 5.7%), Legionella (Bottom: 2.5%, Top: 0.8%), and
TX14-55 (Bottom: 2.4%, Top: 0.1%). Given the high relative abundance of Hyphomicrobium in
oxic OSPW (13.2%) when compared to other OSPW samples (<3%) and its strong ability to
metabolize organic matter, the second highest removal of NAs was observed in oxic OSPW. The

high abundance of Legionella warrants further investigation because some of the strains were
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found to carry alkane hydroxylases (a/kB) in their genome and were able to adhere to hydrocarbons
(Halablab and Al-Dahlawi, 2008). 7X14-55 has been founded in the soil but its impact on NAs
and hydrocarbon degradation is required for future study.

In anoxic OSPW at 20 °C, methanogens were not highly abundant. The enriched bacterial
genera were unclassified OTUs from the family of Saccharimonadales (Bottom: 1.3%, Top: 9.8%),
TX1A-55 (Bottom: 7%, Top: 0%), and Legionella (Bottom: 1%, Top: 3%). Saccharimonadales had
small genomes with presumed symbiotic or parasitic lifestyles. Due to the difficulty in culture,
their behavioral and adaptive traits are not understood deeply (Sanchez- Osuna et al., 2017).
Recently, Saccharimonadales were found to be dominant bacteria in organic enriched sludge which
could degrade plastics and show synergistic effects with the nitrogen cycling-related genes (Riithi
et al., 2020). Since the reduction in COD, DOC, and NAs fraction was limited in anoxic OSPW,
it can be deduced that these bacterial genera had limited ability to degrade NAs.

In raw OSPW at 4 °C, abundant genera were Nevskia (Bottom: 2%, Top: 19.7%), an
unclassified OTUs from the family of Chitinophagaceae (Bottom: 5.2%, Top: 8.1%), Hyphomonas
(Bottom: 4.9%, Top: 4.9%), and Legionelia (Bottom: 4.3%, Top: 0.9%). Nevskia has been
identified in oil-contaminated seawater or soil and has been demonstrated the ability to degrade
petroleum hydrocarbon (Viggor et al., 2013; Wang et al.,, 2018). The bacteria of the
Chitinophagaceae family have been extracted in heavy-oil-contaminated soil and were identified
as polycyclic aromatic hydrocarbons (PAHs) degraders (Lladd et al., 2015). Besides, seven
unclassified OTUs from the family of Xanthobacteraceae were found in abundance, occupying
32.3% and 18.8% in total at the bottom and top layer, respectively. It has been reported that several

members of the Xanthobacteraceae are capable of degrading a variety of straight-chain and
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aromatic hydrocarbons via aerobic B-oxidation, combined a- and B-oxidation and aromatization
(Oren, 2014).

In ozonated OSPW at 4 °C, the enriched bacterial genera were C/-B045 (Bottom: 4.2%,
Top: 4.2%), Legionella (Bottom: 1.2%, Top: 5.9%), and an unclassified OTUs from the family of
Xanthobacteraceae (Bottom: 0.2%, Top: 2.6%). All of these bacteria are previously reported as
aerobes whose high abundance reflects microbiological conditions within ozonated OSPW at 4 °C
were aerobic. Furthermore, both C/-B045 and the Xanthobacteraceae family are well-known for
their degradation of hydrocarbons (Bodor et al., 2021; Oren, 2014).

Overall, the results of microbial community structures indicated that the Bacillus and
Fontimonas were the key microorganisms for degrading dissolved organics like NAs. Their
enrichment in ozonated OSPW at 20 °C resulted the better performance on removal COD, DOC,

and toxicity than other OSPW samples.
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4.4 Conclusions

The fate of dissolved organics in OSPW was studied under different storage conditions in
the laboratory for 4 years. The highest removal of dissolved organics was observed in ozonated
OSPW stored at 20 °C with the highest degradation of total NAs (72.6%), and the highest reduction
of COD (25.3%) and DOC (19.8%). Biodegradation is likely to be the main reason for the decrease
of NAs in OSPW and kinetics analysis revealed that the half-lives of total (474.8 days) and
classical NAs (266.6 days) were shortest in ozonated OSPW at 20 °C, resulting the maximum
reduction in toxicity as measured by Microtox® and BE-SPME. Our results suggested that
ozonation pre-treatment could enhance the removal of dissolved organics and promote toxicity
reduction in passive treatments, like constructed wetlands. COD concentration showed a positive
correlation with total NAs in OSPW, indicating that COD can be used as a surrogate variable to
estimate NAs concentrations. In addition, similar fitting lines were observed between the total NAs
concentration and inhibition effect, and BE-SPME concentration and inhibition effect. Our
findings support the use of BE-SPME as a tool to predict acute toxicity during exposure to OSPW,
in agreement with prior research. The positive intercept was observed in the linear correlation
between NAs concentration and BE-SPME, which can be explained by the organics measure by
BE-SPME including both hydrocarbons and NAs. Another major finding of this study is that the
temperature is the most important factor for the characteristics of OSPW, given the strong positive
correlations between temperature and the removal of all of water parameters with their correlation
coefficients above 0.90. The limited changes of various parameters including COD, DOC, NAs
and toxicity in OSPW samples stored at 4 °C for 4 years supported the common practice of storing

OSPW in the cold room as an effective way to preserve the water quality in the laboratory and
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confirmed that the composition and properties of OSPW could be stable in the laboratory at least

for several years.

The microbial communities in all OSPW at different conditions showed great richness and
participated in the transformation of organics. The Shannon diversity index and the Chaol value
showed that the bacterial richness and microbial diversity in ozonated OSPW stored at 4 °C were
significantly higher than the microbial diversity in other OSPW samples, which may be attributed
to relatively lower toxicity and concentration of classical NAs. Principle coordinate analysis
indicated that there were significant differences between microbes in OSPW stored at 20 °C and
microbes in OSPW stored at 4 °C. Additionally, the microbes in anoxic OSPW at 20 °C were
distinctly separated from those microbes in other OSPW samples at 20 °C given the negative ORP
in anoxic OSPW while positive ORP in other OSPW samples. These findings suggested that
bacterial communities were shaped mainly according to the temperature, although ORP was also
playing a role in shaping the microbial communities. The microbial community analyses from 16S
rRNA sequencing revealed that Proteobacteria, Firmicutes, Bacteroidetes, Planctomycetes, and
Patescibacteria were the dominant phyla in various OSPW samples. The dominance of Bacillus
and Fontimonas genera and the loss of microbial diversity in ozonated OSPW at 20 °C were
observed. It is expected that bioaugmentation of endogenous OSPW microorganism may enhance
the biodegradation of organics in ozonated OSPW. Overall, Bacillus and Fontimonas might be the
key microorganisms for degrading dissolved organics like NAs in OSPW. Further research may
focus on the interaction between microbes and dissolved organics, and biogeochemical
mechanisms of organics removal from OSPW. Nevertheless, this study demonstrated the fate of

dissolved organics in OSPW under various controlled conditions and highlights the impact of
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temperature on OSPW characteristics, which can enhance the understanding of the long-term fate

of organics in OSPW stored in reclamation ponds.
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CHAPTER 5 AEROBIC DEGRADATION OF ANIONIC
POLYACRYLAMIDE IN OIL SANDS TAILINGS: IMPACT FACTOR,

DEGRADATION EFFECT, AND MECHANISM?

5.1 Introduction

Oil sands tailings, fluid wastes generated from mining to extract the bitumen (heavy crude
oil) from the oil sands, consist of water, sands, fine clays and residue bitumen, as well as organic
compounds such as naphthenic acids (NAs) (Brient et al., 2000). Until 2017, about 176 km? of
tailings ponds in Northern Alberta have been generated due to the accumulated oil sands tailings
on site (Allam et al., 2022). The storage of tailings could cause land disturbance and tailings could
contain at most 83 % of water (by volume) which remains entrapped and unused (Vedoy and
Soares, 2015). Therefore, it is essential to develop effective ways to recover and recycle the water
and reclaim the land occupied by tailings ponds (Bazoubandi and Soares, 2020). Currently,
synthetic polymeric flocculants are the basis of most dewatering technologies for oil sands tailings,
among which polyacrylamide (PAM) is one of the most widely used flocculants (Zeng et al., 2022).
Anionic polyacrylamides (A-PAM) with medium anionicity may be preferable than cationic and

non-ionic in tailings flocculation due to lower toxicity and higher efficiency (Dwari et al., 2018).

However, there is a concern associated with the presence of residual acrylamide (AMD,
monomer of PAM) due to incomplete polymerization process (Caulfield et al., 2002). In addition,
AMD has been reported as a neurotoxin and carcinogen to humans (EPA, 2010). Concerns have

been raised about the potential release of AMD from polyacrylamide degradation under certain

3 This Chapter is based on the published paper: Li J, How ZT, Gamal El-Din M. Aerobic degradation of anionic
polyacrylamide in oil sands tailings: Impact factor, degradation effect, and mechanism. Science of the Total
Environment. 2023; 856:159079.
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conditions, such as exposure of aqueous A-PAM/Fe*" mixture to natural and simulated sunlight at
acid/neutral pH (Zhao et al., 2018). However, most of the reported studies indicate that AMD is
not a breakdown product of PAM degradation (Caulfield et al., 2003; Holliman et al., 2005).
Although PAM applied in environmental systems usually has a high molecular weight, it can
undergo degradation by different mechanisms, which results in chain scission, reduction of the
molecular weight, and decrease in intrinsic viscosity (Guezennec et al., 2015; Xiong et al., 2018a).
Most of the studies focus on the degradation of PAM solution as a result of thermal, mechanical,
chemical, photolytic and biological processes. Details of each mechanism have been discussed
previously by Guezennec et al. (2015 and Xiong et al. (2018a). Briefly, thermal degradation of
PAM can cause substantial chain scission with the release of ammonia and carbon dioxide only
when the temperature is above 300 °C. Mechanical degradation of PAM solutions involves
irreversible changes, including viscosity reduction, main chain scission, and generation of free
radicals. Chemical degradation mainly focuses on the reactivity of the amide group and numerous
actions of free radicals causing chain scissions. Hydrolysis of amide groups yields
poly(acrylamide-co-acrylic acid) and releases ammonium (NH4") at low pH, while forming
carboxylate anion and ammonia (NH3) at high pH. Another free radical process is photolytic
degradation, which generates free radicals from light exposure and leads to irreversible changes
like backbone cleavage and cross-linking. Biodegradation of A-PAM can occur through two
potential pathways with microorganisms: utilization of the amide group as a nitrogen source and/or
the backbone as a carbon source under aerobic and anaerobic conditions (Bao et al., 2010; Wen et
al., 2011). The amide nitrogen has been found to be susceptible to biodegradation of A-PAM,
forming polyacrylate and releasing NH3 (Nyyssold and Ahlgren, 2019). In environmental

applications of PAM, only thermal degradation is unlikely to occur due to the requirement of very
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high temperature, while other degradation processes have been studied for a long period, mainly
focusing on soil and hydro-systems. However, the release of AMD is inconsistent between studies.
Woodrow et al. (2008) found that AMD could be rapidly released from aqueous A-PAM after
exposure to natural and simulated sunlight under the presence of Fe** and acid conditions, while
the majority of PAM degradation studies showed no evidence of AMD release (Caulfield et al.,
2002; Xiong et al., 2018a). The biodegradation of PAM has been extensively investigated in recent
years (Joshi and Abed, 2017). Although there is still an argument on how microorganisms degrade
PAM, no release of AMD was observed in the biodegradation process (Wen et al., 2010). In terms
of the residual AMD in commercial PAM products, various studies have demonstrated that they
undergo rapid biodegradation under aerobic and anaerobic conditions, which limit their potential

mobility in the environment (Guezennec et al., 2015).

Based on studies investigating PAM degradation in different environments, a number of
factors including alkalinity, dissolved oxygen, high salinity, temperature, and microorganisms
could affect the stability of PAM in oil sands tailings (Cossey et al., 2021; Dai et al., 2014; Xiong
et al., 2018b). It is expected that aerobic biodegradation in the uppermost layer, anaerobic
biodegradation in deeper layers, and alkaline hydrolysis of PAM would be the primary degradation
processes in oil sands tailings after long storage time (Caulfield et al., 2002; Cossey et al., 2021;
Xiong et al., 2018a). However, limited information is currently available regarding the fate of
PAM and residual AMD, the characteristics of the PAM degraded products, and the effects of
PAM degradation on water chemistry in oil sands tailings. This study would like to answer three
questions: 1) whether PAM would degrade and release AMD in tailings water under different
temperature and microbial conditions; 2) what are the effects of PAM degradation on the chemistry

of tailings water; and 3) what is the possible mechanism of PAM degradation? Based on our best
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knowledge, this is the first work revealing the possibility of PAM degradation and its effects on
water chemistry in oil sands tailings. The findings obtained in this work will make a sound
contribution to the enhanced understanding of the stability and fate of PAM and better

management of oil sands tailings.

5.2 Materials and methods

5.2.1 Materials

Oil sands tailings samples were provided by an oil company from the oil sands in Northern
Alberta and stored at 4 °C before use in the laboratory. The compositions of tailings and process
water are listed in Table 5.1. A hydrolyzed polyacrylamide (SNF, Canada) with a medium anion
charge density and a high molecular weight of around 2.12 X 10° Da, was employed as a polymer
flocculant. Acrylamide (>99.9 % pure; powder) was purchased from Sigma Aldrich, while pure
sand (silica, 40-100 mesh), sodium bicarbonate (NaHCQO3), potassium dihydrogen phosphate
(KH2POy4), and methanol (HPLC grade) were purchased from Fisher Scientific. All chemicals were
analytical grade and used as received without any further purification. All solutions were prepared
with ultra-pure water (R>18.2 MQ) obtained from Millipore Millli-Q system. Five strains of
bacteria were isolated from oil sands tailings as per their abilities to grow on A-PAM and were
cultivated and used as microorganism augmentation in tailings water as well as added
microorganisms in pure polymer solution. The detailed procedures of screening, isolation, and
identification of the five A-PAM-degrading bacterial strains (Table B.1) can be found in the

Supporting Information.

Table 5.1 Composition of oil sands tailings and process water.

Analysis (units); number of replicates Value
DEAN-STARK (Wt%); n =2
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Water 453

Solids 53.4
Bitumen 1.2
Total 99.9
TEXTURE (Wt%); n =2
Fine solids <44 um 27.5
Coarse solids >44 pm 72.5
PROCESS WATER; n =2
Bulk pH; n=2 8.6
Zeta potential -35.2
TOC 104. 5
COD 434.9
Total NAs 51.8
SOLUBLE IONS (mg/L. PROCESS WATER); n =2
NH;" 0.26
NO2~ 0.05
NOs~ 0.22

5.2.2 A-PAM degradation

The A-PAM degradation experiments were performed in both tailings and pure polymer
solution. In oil sands tailings, 1000 ppm of A-PAM solution was added, as the same concentration
was used in the majority of flocculation studies in oil sands tailings (Hripko et al., 2018; Zhang et
al., 2021). Polymer dosage in ppm is expressed on the basis of total solids in tailings, meaning
1000 g polymer for 10° g solids (1000 ppm). The impact of different factors, including temperature,
light, and microorganisms, on polymer degradation were evaluated. The conditions for each factor
were summarized in Table 5.2. Duplicate reactors were used under each condition. Polymer stock
solution with 0.1 wt% concentration in Milli-Q water was prepared 1 day earlier and would be
kept for maximum 1 week. Mixing step was adapted from the method reported previously (Lu et
al., 2016). In brief, 2 L of tailings samples were transferred into a 2 L standard baffled beaker and
homogenized at 600 rpm for 2 min. Then the agitation speed was decreased and kept at 300 rpm
when the desired amount of polymer stock solution was added to the slurries. Agitation was

immediately stopped after polymer addition to avoid floc breakage. The resulted mixture was
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transferred into a 2 L graduated cylinder, and the cylinder was then gently inverted 5 times for
mixing before sedimentation. After settling for 30 min, supernatants (tailings water) were
withdrawn from the cylinder for parameters measurement as samples t = 0. Sampling date was set
at 2, 4, 6, and 11 weeks. All collected supernatant (tailings water) samples were stored at 4 °C

until analysis.

Table 5.2 Conditions for different impact factors in A-PAM treated tailings water.

Condition
Factor
- +
Temperature 4°C 20 °C
Light With light Without light
. . _ Augmented (5-strain mixture,
Microorganism Indigenous

58300-83300 CFU/100 mL)

In order to better understand the mechanism of polymer degradation in tailings, 1000 ppm
of A-PAM was added into a simplified synthetic system, consisting of 300 mg/L NaHCO3 solution
with pure sands. NaHCOs; was applied to adjust the pH of polymer solution at 8.5 + 0.2
(Yousefzadeh et al., 2017). Based on the results from tailings, light was not a significant factor for
the degradation of A-PAM in oil sands tailings (Fig. B.1 in appendix B). Therefore, a 2-factorial
design (Table 5.3) was carried out to further investigate the interaction effect of temperature and
microorganisms on the polymer degradation. Mixing step was the same as in tailings and each

reactor had a duplicate. Supernatant samples were collected weekly for 11 weeks.

Table 5.3 Details of two-level factorial design for two factors of temperature and

microorganism.
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Reactor Temperature Microorganism

1 4°C No microorganism

Added microorganism

2 4°C (5-strain mixture, 75066-
76000 CFU/100 mL)
3 20 °C No microorganism

Added microorganism
4 20 °C (5-strain mixture, 75066-
76000 CFU/100 mL)

5.2.3 A-PAM concentration and molecular weight

Polymer concentration, molecular weight, and viscosity are important parameters for the
characterization of polymer degradation. In oil sands tailings pond, the water body was expected
to be static with no significant flow. Our study was centered on the in vitro degradation
characteristics in a static context with aqueous buffers; therefore, the viscosity was not further
considered. Both the concentration and molecular weights of A-PAM were analyzed by gel
permeation chromatography (GPC). Polymer concentration was determined according to the
method proposed by Lu et al. (2003). In brief, a high-performance liquid chromatography (HPLC,
Agilent 1100) with an autosampler and an ultraviolet (UV) multiple wavelength detector, a TSK-
Gel GMPWx1 column (Tosoh Bioscience, 13 um particle size, 7.8 mm ID X 30 cm) and a TSK-
Gel guard PWxL column (Tosoh Bioscience, 12 pm particle size, 6.0 mm ID X 4.0 cm) were used.
A solution of 0.05 M KH>PO4 (passed through a 0.2 um filter) was used as mobile phase to elute
the column at a flow rate of 0.7 mL/min under ambient temperature. The wavelength of the UV
detector was set at 205 nm. The injection volume of prefiltered (0.45 um) sample was 100 pL. The
retention time for A-PAM was about 8.4 min. The concentration of polymer was calibrated and

quantified based on its peak area. Calibration curve of polymer concentration is shown in the Fig.

156



B.2. The weight-average (Myw) and number-average (Mn) molecular weights and molecular weight
distribution (MWD) of A-PAM were determined by HPLC (Agilent 1260 Infinity Multi-Detector
Suite) with triple detectors (viscometer, differential refractive index and dual angle light scattering)
and two columns (Agilent PL aquagel-OH MIXED-H) in series. Similar as the method proposed
by Vajihinejad et al. (2021), the molecular weight was calibrated by using polyethylene oxide
standards. A solution of 0.2 M sodium nitrate was used as a mobile phase for all analyses. All

polymer samples were freeze dried before the molecular weight analysis.

5.2.4 AMD concentration

AMD concentration was determined using HPLC with UV multiple wavelength detector
(Agilent 1100). The procedure was adapted from methods reported previously (Sang et al., 2015).
In brief, 25 pL of prefiltered (0.45 pm) sample was delivered automatically onto a SB-C18 column
(Agilent, ZORBAX, 3.5 um particle size, 4.6 mm ID X 150 mm) with a guard column (Agilent,
1.8 um particle size, 3.0 mm ID X 5.0 mm). The mobile phase consisted of 90 v/v% of phosphate
buffer (0.006 M KH>PO4) and 10 v/v% of methanol. Separation was at room temperature with a
flow rate of 0.5 mL/min and a wavelength of 208 nm. The retention time for acrylamide was
approximately 4.6 min. The concentration of acrylamide was calibrated from 0.01 to 10 mg/L and
quantified based on its peak area. Calibration curve of AMD concentration is presented in the Fig.

B.3.

5.2.5 Fourier transformation infrared (FT-IR) spectrograms analysis
The spectrogram (4000-400 cm™) analysis was performed on an attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectrometer (Nicolet 8700, Thermo Fisher Scientific) at

room temperature and used to assess the chemical structure of A-PAM before (polymer powder)
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and after degradation (freeze-dried samples). The functional groups were identified by comparing

the observed intensity bands to standard values.

5.2.6 Water chemistry

Water chemistry parameters including pH, total organic carbon (TOC), chemical oxygen
demand (COD), ammonium, nitrite and nitrate, zeta potential, dissolved oxygen (DO), and
naphthenic acids (NAs) were monitored during the experiments. Total organic carbon (TOC) was
determined using a high temperature combustion TOC analyzer (TOC-L analyzers, Shimadzu),
according to the Standard Method 5310-B (APHA, 2017). Chemical oxygen demand (COD) was
assessed by a COD reactor (DRB 200, Hach), as per Standard Method 5220-D (APHA, 2017).
Samples were diluted 10 times by Milli-Q water and filtered by 0.45 um nylon filters before TOC
and COD measurement. Ammonium cation, nitrite and nitrate anions in pre-treated samples
(diluted 10 times by Milli-Q water and filtered by 0.2 um nylon filters) were quantified by Dionex
ICS Ion Chromatography. Zeta potential (ZP) was measured by using Phase analysis light
scattering (PALS) in a Nanobrook Omni instrument (Brook Haven Instrument). Dissolved oxygen
(DO) concentration and pH were determined by using an YSI model 50B DO meter (YSI
Incorporated,) and Accumet Research AR20 pH/conductivity meter (Fisher-Scientific),

respectively.

The chromatographic separation of NAs was achieved by following a method developed
by Huang et al. (2015). Briefly, 500 uL of sample supernatant (passed through 0.2 um nylon filter)
mixed with 100 pL of 4.0 mg/L myristic acid-1-'3C (internal standard) and 400 uL methanol was
injected into a Waters BEH Phenyl column (150 X 1 mm, 1.7 pm). A gradient mobile phase of 10
mM ammonia acetate buffer in both water (solvent A) and 50/50 methanol/acetonitrile (solvent B)

was used for the chromatographic separation. TOF-MS was set at ESI negative mode using MS
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scan over the mass range of 50-1200 Da in high resolution mode (mass resolution = 40,000 FWHM
at 1431 m/z). The identification of classical NAs and oxidized NAs were based on the empirical
formula CyH2n+,Ox (X (number of oxygen) =2, 3, 4, 5, 6) with n (number of carbon) ranging from
7 to 26 and z (a negative even integer) indicating hydrogen deficiency from the formation of ring
or double bond equivalent (DBE). The data were obtained by MassLynx (Waters) and processed

by TargetLynx (Waters).

5.2.7 Toxicity tests

After adjusting the pH of water samples to around 7.5, the acute toxicity of water samples
was assessed by using the Microtox bioassay with the bacterial reagent Aliivibrio fischeri (A.
fischeri). A Synergy Microplate reader coupled with 96-well plates was used to conduct the
bioluminescence inhibition tests and measure the luminescence. Phenol was used as a positive
control and 2 % of NaCl in deionized water was used as a blank control for the Microtox® assay.
The inhibition of light emission was calculated and plotted according to the method developed by
Johnson (2005). Dimethyl sulfoxide (DMSO) extractions were performed for sludge samples
before pH adjusting in order to increase the bioavailability of organic contaminants to the test
organisms A. fischeri. Ten grams of sludge samples were extracted with 20 mL of 100% DMSO
for 2 h at room temperature at 200 rpm (Kapanen et al., 2013). The toxicity analyses were
performed in duplicates for each sample. The potential carcinogenic effect of adjusted-pH water
samples was determined via SOS-ChromoTest (Environmental Bio-detection Products Inc.),
which is a colorimetric method used to assess the relative strength of a potential genotoxic
compound. Different serial dilutions of each sample were prepared by adding DMSO in 96-well
plates and then E. coli PQ37 was added. The induction factor (IF) was calculated based on the

absorbances at 420 nm and 600 nm before and after incubation at 30 °C. Although the criteria of
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IF value for genotoxicity varied in different studies, a more common interpretation of IF values
indicates that a value lower than 1.5 is not genotoxic (Campos-Avelar et al., 2021). In terms of
sludge samples, 2 g samples were extracted with 4 mL of 100% DMSO at room temperature for 1

h at 150 rpm before adjusting pH as according to Kapanen et al. (2013).

5.3 Results and discussion

5.3.1 A-PAM degradation in tailings water
5.3.1.1 Removal of A-PAM and residual AMD

The A-PAM and residual AMD removals were defined by the A-PAM and AMD
concentration removal ratio, respectively. The removal ratio of A-PAM and residual AMD were

calculated according to the following Eq. 5.1-5.2:

C(A-PAMpiia))-C(A-PAM;)

A-PAM removal ratio = CA—PAM )

x 100% (5.1)

AMD | rati C(AMD;iia1)-C(AMD;) 100% (5.2)
removal ratio = X .
C(AMDjpitiar) °

where C(A-PAM,y;ii.1) and C(AMD;,;;.1) are the initial concentrations of A-PAM and residual
AMD at week 0, respectively; C(A—PAM;) and C(AMD;) are the concentrations of A-PAM and

AMD at week 1 (1 = 1-11), respectively.

Former studies have shown that temperature is one of significant factors which can affect the PAM
degradation in various media (Akbar et al., 2020; Xiong et al., 2018b). In order to mimic the
common temperature conditions in tailings pond, temperature values of 20 °C and 4 °C were
selected based on previous studies which monitored the properties of tailings (Dompierre et al.,

2016). The changes of removal efficiency of the A-PAM concentration with time are illustrated in
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Fig. 5.1a. The highest removal efficiency of A-PAM concentration in tailings water under 20 °C
was 34.3 %, while 24.8 % was observed in tailings water at 4 °C. Similarly, higher removal
efficiency of A-PAM could be found at higher temperature in pure polymer solution, which
confirmed that temperature has a positive effect on the degradation of A-PAM in tailings. However,
no decrease of A-PAM concentration occurred at 4 °C (<10 %) and only slight decrease (~10 %)
at 20 °C was observed in pure polymer solution without microorganisms, demonstrating that
temperature within the range of 4-20 °C has limited effects on A-PAM degradation without
microbial activities. Similarly, Caulfield et al. (2003) also showed that their synthetic PAM
solution without microorganisms was stable at room temperature after 2 weeks. Therefore, the
higher removal efficiencies of A-PAM found in tailings water than in pure polymer solution are
highly likely due to the microorganism effects, indicating that biodegradation could be a pathway

for A-PAM removal in tailings.

PAM has been used as sole carbon and nitrogen source for microorganisms under aerobic
conditions (Wen et al., 2011). Therefore, the effect of microorganisms and bioaugmentation on A-
PAM degradation in pure polymer solution and tailings water was assessed by evaluating the
polyacrylamide removal efficiency as shown in Fig. 5.1b. The removal efficiency of A-PAM in
tailings water with augmented microorganisms could achieve as high as 41.0 %, while indigenous
microorganisms in the tailings water could only achieve up to 32.1 %. In pure polymer solutions,
improved removal efficiencies of A-PAM were also observed when microorganisms were added
into the solutions. The above results indicated that the biodegradation processes of A-PAM
occurred and could be promoted by microorganism augmentation in tailings water. Compared to
previous studies, the degradation efficiencies of A-PAM in tailings water and pure polymer

solution were lower (<50 %) due to lack of optimal conditions. For example, Wen et al. (2010)
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indicated that 60 mg/L PAM could be degraded by pure bacterial strains with a high efficiency
(>70 %) at 30 °C after 3 days in liquid media with PAM as the sole carbon source and mineral
salts medium. In order to maximize the degradation efficiency of PAM in tailings, optimization
experiments on various factors such as temperature, DO concentration, initial concentration of

PAM and microorganism culture are needed in the future.

Low concentrations of AMD (1.15 mg/L) were detected in all samples at the beginning,
and no increase of AMD concentration was observed during the whole sampling period, indicating
the AMD was only from residual AMD in the PAM stock and A-PAM did not degrade into AMD
in both tailings water and pure polymer solution within 11 weeks. As demonstrated in Fig. 5.1c,
over 90 % of residual AMD could be removed within 2 weeks in tailings water at 20 °C, while it
took 4 weeks to achieve 90 % of AMD removal in tailings water at 4 °C, suggesting that an increase
of temperature could promote the degradation of residual AMD. This observation aligned with a
previous study which found that AMD concentrations in solutions with PAM thickening agent
were reduced at a faster rate at high temperatures (25 °C and 37 °C) than those at low temperature
(4 °C) over a period of 6 weeks (Smith et al., 1996). Unlike in the tailings water, there were very
limited degradations (<10 %) of AMD in pure polymer solution without microorganisms. The
stability of acrylamide concentration in water and soil without microorganisms has been reported
in several studies. Brown et al. (1980) showed that no AMD was removed from distilled water for
more than 8 weeks and no chemical degradation occurred for AMD in >11 weeks in sterile
environmental samples over the pH range 4-10. Besides, the removal efficiency of AMD
significantly increased in pure polymer solutions after adding bacteria mixture (Fig. 5.1d),
indicating that the degradation of AMD was mainly due to biological processes. In spite of the

general toxicity of AMD, various microorganisms could degrade AMD by using it as nitrogen or
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carbon source for growth. Previous studies have reported that AMD-degrading bacteria are

mesophiles with optimum temperature for growth between 25 and 40 °C (Zamora et al., 2015).

These studies have also demonstrated that biodegradation is the main mechanism of AMD removal

in environmental systems. In tailings water, no improvement was observed in the removal

efficiency of AMD via microorganism augmentation. This is probably due to low initial AMD

concentration (1.15 mg/L) and fast biodegradation processes (>90 % within 2 weeks) in tailings

water.
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Figure 5.1 Removal efficiency of A-PAM (top) and residual AMD (bottom) in tailings water
(dotted charts) and pure polymer solution (bar charts) under different temperature (a & c¢) and

microorganism (b & d) conditions.

The interaction effects between temperature and microorganisms on the removal efficiency
of A-PAM and AMD were investigated in pure polymer solutions. As shown in Table 5.4, for both
A-PAM and AMD removal, microorganisms and temperature showed significant impacts due to
low p-values (<0.05). However, the interaction effects of temperature and microorganisms only
affected AMD removal significantly. The potential explanation for this phenomenon could be that
AMD removal is mainly due to microorganism activity, while temperature could affect the
metabolism activity of microorganism, resulting in a significant interaction effect. For A-PAM
removal, both biodegradation and alkaline hydrolysis could result in its degradation, which might

make the interaction of temperature and microorganism not significant.

Table 5.4 ANOVA results for the removal efficiency of A-PAM and AMD in pure polymer

solutions after 11 weeks.

Source of Variation SS df MS F p-value
Microorganism 61.54 1 61.54 53.18 0.002
Temperature 78.44 1 78.44 67.78 0.001
A-PAM
Interaction 1.69 1 1.69 1.46 0.29
removal %
Within 4.63 4 1.16
Total 146.31 7
Microorganism 12502.51 1 12502.51 160215.88 <0.0001
AMD Temperature 335.80 1 335.80 4303.21  <0.0001
removal % Interaction 141.38 1 141.38 1811.72  <0.0001
Within 0.31 4 0.08
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Total 12980.00 7

5.3.1.2 Change in A-PAM molecular weight distribution

Table 5.5 illustrates the MW of polymer samples before and after degradation under
different temperatures. In tailings water, the My, of A-PAM declined from initial 2.12 x 10° g/mol

t0 2.00 x10° g/mol at 4 °C, and further to 1.98 x10° g/mol at 20 °C after 11 weeks. Similar to My,
M, also showed higher decreased at higher temperature. In addition, the polydispersity index (PDI)
(Mw/My) of the polymer chains, was found to increase from 1.8 to 1.85 and to 2.39 at 4 °C and
20 °C, respectively, implying that the molecular weight distribution of A-PAM became less
uniform. Unlike A-PAM in tailings water, My decreased while My and PDI increased in pure
polymer solutions without microorganism under both 4 °C and 20 °C. A possible reason for the
M., decrease and an increased in My, and PDI of A-PAM is that the inter and/or intra crosslinking
of polymer chains could occur during the alkaline hydrolysis of A-PAM in pure solutions (Patel
et al., 2021). Additionally, the decrease of M, was promoted from 8.01 x10° g/mol to 7.38 x10°
g/mol by increasing the temperature in pure polymer solution. Our finding was consistent with
previous studies showing that temperature had a positive impact on crosslinking process of

polymer chains (Ding et al., 2012; Molina et al., 2014).

In terms for A-PAM samples before and after degradation under different microorganism
conditions. In tailings water with augmented microorganisms, the My and M, of A-PAM were
reduced to 1.81 x10° g/mol and 8.02 x10° g/mol, respectively, and PDI increased to 2.26 after 11
weeks. In contrast to the pure polymer solution without microorganism, A-PAM in pure polymer
solution with added microorganisms showed lower value of My, while higher value of M, than the

initial A-PAM, which resulted in the reduction in PDI from 1.80 to 1.42. Similar MW results in
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both tailings water and pure polymer solution with added microorganisms suggested that the
biodegradation could be the main pathway for the degradation of A-PAM in tailings. The average
molecular weight results in both tailings water and pure polymer solutions indicated that the

breakdown of C-C group occurred when A-PAM was consumed as carbon source for 11 weeks.

Table 5.5 GPC results of A-PAM samples before and after degradation under different

temperature and microorganism conditions.

Sample Mn (Da) Mw (Da) PDI
Raw A-PAM 1.18 x 10° 2.12 x 10° 1.80
4 °C pure polymer solution 8.01 x 10° 2.68 x 10° 3.34
20 °C pure polymer solution 7.38 x 10° 2.48 x 10° 3.36
4 °C in tailings 1.08 x 10° 2.00 x 10° 1.85
20 °C in tailings 8.29 x 10° 1.98 x 10° 2.39
No micro in pure polymer solution 7.38 x 10° 2.48 x 10° 3.36
Added micro in pure polymer solution 1.26 x 10° 1.80 x 10° 1.42
Indigenous micro in tailings 9.56 x 10° 1.92 x 10° 2.01
Micro augmentation in tailings 8.02 x 10° 1.81 x 10° 2.26

5.3.1.3 FT-IR analysis

In order to investigate the changes in A-PAM molecular structure, FT-IR was used to
analyze A-PAM samples before and after degradation in tailings and in pure polymer solution
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under different temperatures (Fig. 5.2a) and different microorganism (Fig. 5.2b) conditions. Table
B.2 summarizes all the assignment of the FT-IR characterization of the bands and spectra of A-
PAM. For the degraded A-PAM samples in tailings water under different temperature conditions
(Fig. 5.2a), distinct decreases were observed at the 3340 cm™ (-NH, asymmetric stretching), 3198
cm™! (-NH, symmetric stretching) and 1657 cm™ (C=0 stretching of the primary amide), which
could be due to the hydrolysis of the amide group. In addition, the wider band of carboxylate
groups (1564 cm™) and increased intensities of 1401 cm™! indicated the conversion of amide groups
to ammonium and carboxylic acid. The peaks at 1126 cm™ attributed to C-O-C stretching was
confirmed after degradation. The result demonstrated that the adjoining amide group could be
converted into ether group after hydrolysis. For the degraded A-PAM samples in pure polymer
solutions, the FT-IR spectra were different from those in tailings water. The wide peaks at 3100-
3340 cm™ and strong peak at 1657 cm™ in pure polymer solutions without microorganism
confirmed that the intramolecular association could be carried out on the carbon chain during
hydrolysis, which was consistent with GPC results of the inter and/or intra crosslinking of polymer
chains. For degraded A-PAM samples in both tailings water and in pure polymer solution, the
peaks of samples at 20 °C had higher intensities than the peaks in samples under 4 °C, confirming

that hydrolysis, crosslinking, and degradation could be promoted with increasing temperature.

In terms of the microbial effect on the A-PAM degradation (Fig. 5.2b), compared with the
degraded A-PAM in pure polymer solution without microorganisms, it is obvious that the
absorption band near 2933 c¢cm™! assigned to -CH3 or -CHa- stretching partly disappeared; only a
small shoulder of this peak remained in the spectrum of degraded A-PAM samples in pure polymer
solution and tailings water with microorganisms. This was possibly due to the breakage of the

carbon backbone of the polymer. In addition, the peak (1417 cm™) due to the C-N stretching
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vibration of degraded A-PAM samples disappeared in pure polymer solution and tailings with
microorganisms, suggesting that the amidase enzyme existed, and it could help microorganisms to
cleave the C-N bond of polymer under aerobic condition. Based on the above results, it was
verified that the microorganisms could degrade A-PAM and utilize the amide and carbon of the
polymer as the source of carbon and nitrogen nutrition for their growth in aerobic environment. It
is worthy to mention that a strong peak at 1657 cm™ (due to the C=0 bond) and some small peaks
between 2900 and 2500 cm™ appeared in the spectrum of A-PAM after degradation, which
revealed that the -COOH existed in the intermediates of hydrolysis or/and metabolites of

biodegradation.
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Figure 5.2 FT-IR spectrum of A-PAM before and after degradation under different temperature
(a) and microorganism (b) conditions: (1) raw A-PAM before degradation; (2) degraded A-PAM
in pure polymer solution at 4 °C; (3) degraded A-PAM in pure polymer solution at 20 °C; (4)
degraded A-PAM in tailings water at 4 °C; (5) degraded A-PAM in tailings water at 20 °C; (6)
degraded A-PAM in pure polymer solution without microorganisms; (7) A-PAM in pure

polymer solution with added microorganisms after degradation; (8) degraded A-PAM in tailings
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water with indigenous microorganisms; and (9) degraded A-PAM in tailings water with

augmented microorganisms.

5.3.2 Effect of A-PAM degradation in tailings water
5.3.2.1 Water chemistry

5.3.2.1.1 Total inorganic nitrogen

Over the long-term timescales, nitrogen cycling could be one of the important
biogeochemical processes in oil sands tailings (Risacher et al., 2018). However, apart from N>
fixation, the nitrogen cycle and the effect of polymer degradation on nitrogen cycle in the tailings
pond have been poorly studied. In this study, the total inorganic nitrogen concentrations (3.(NH4"-
N, NO2 -N, NOs3 -N)) in tailings water and in pure polymer solution were monitored. As shown in
Fig. 5.3, ammonium concentration was the major component (>80 %) of the total inorganic
nitrogen concentration in both tailings water and pure polymer solution throughout the 11 weeks.
Therefore, the changes in total inorganic nitrogen observed were due to the changes of ammonium
concentration. Based on Table 5.1, the initial concentrations of ammonium (NH4"-N), nitrite
(NO2™-N) and nitrate (NO3 -N) in oil sands tailings without PAM addition were quite low at 0.20,
0.02 and 0.05 mg/L, respectively, and remained relatively stable for 11 weeks (Fig. B.4). However,
after adding PAM, the NH4"-N concentration in tailings water increased dramatically to around 5
mg/L due to the hydrolysis of the amide group in PAM and/or AMD. With the continuous
degradation of PAM and AMD, the NH4'-N concentration continued increasing because
ammonium is one of the possible breakdown products from PAM and AMD degradations. As the
initial concentration of AMD was low (<2 mg/L), the main contribution of ammonium increase
would be from the A-PAM degradation. The liberated ammonium in the water could be then

oxidized to nitrate and nitrite under aerobic condition or/and used as a nitrogen source for growth
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by the microbes, resulting in the reduction of ammonium concentration. Based on the low and
relatively stable concentrations of nitrite and nitrate generated during the study, it is reasonable to
assume that the liberated ammonium from A-PAM degradation in tailings water was utilized

mainly for microbial growth rather than nitrification.

Since temperature and microorganisms showed significant impacts on the degradation of
A-PAM and AMD in tailings water, it is expected that the NH4"-N concentration would change
differently under various temperature and microorganism conditions. The NH4"-N concentration
increased rapidly and then gradually decreased at 20 °C, while a gradual increase was observed at
4 °C (Fig. 5.3a), which was consistent with the results showing that faster degradation of A-PAM
and AMD were observed at higher temperature. As biodegradation was the main process of
removing A-PAM and AMD, the NH4'-N concentration in pure polymer solutions without
microorganisms remained at low levels under both temperatures (Fig. 5.3¢). Besides, the NH4"-N
concentration in pure polymer solution with added microbes increased quickly where the
concentration doubled in 2 weeks and then remained relatively stable (Fig. 5.3d). The lower NH4"-
N concentrations and longer time required to reach the peak concentration were noticed in the
tailings water with augmented microorganisms (Fig. 5.3b). This could be explained by the higher
consumption of ammonium as nitrogen source due to the increase of total microorganisms,
occurrence of the adaption for the introduced microorganism, and competition with indigenous
microorganisms in tailings water. Therefore, the results showed that the biodegradation process

had the biggest impact on NH4"-N concentration.

170



Temperature Microorganism

b) Indigenous microorganism Microorganism augmentation

Time (weeks)
Time (weeks)

BNH4+N
ENO2-N 2

ENH4+N
ENO2-N
ENO3-N

BNOI-N

18 20 15 10 s 0 H 10 15 20

Concentration (mg/L) Concentration (mg/L)

) 4°C W°C d)  Without microorganism With microorganism
1 11
10 10
9 9
8 8
3ot 07
3 2
i i
g5 g s
By Pl
3 = NH4+-N 3 = NH4+N
2 BNO2-N o ® NOZ-N
1 #NO3I-N ! = NO3-N
0 0 )
20 15 10 s 5 10 15 0 20 15 1 5 5 0 15 20
Concentration (mg/L) Concentartion (mg/L)

Figure 5.3 The concentration of total inorganic nitrogen (2(NH4+-N, NO2—-N, NO3—-N)) in

tailings (a & b) and in pure polymer solution (¢ & d) with time under different temperature and

microorganism conditions.

5.3.2.1.2 Naphthenic acids (NAs)

Among various organic compounds in tailings water, NAs are of particular environmental
concerns due to their acute and chronic aquatic toxicity (Arslan et al., 2022). Flocculation by
polymer-based flocculants has shown the capacity to remove NAs from oil sands process water
(OSPW) (Pourrezaei et al., 2011). Additionally, the degradation of A-PAM could produce organic
acids which might contribute to the NA measurement. Thus, it is worthy to study the effects of
addition and degradation of A-PAM on the NA concentration in oil sands tailings. Here, we

investigated the total concentration and relative abundance of different classes of NAs in water of
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A-PAM treated tailings at beginning and after 11 weeks. The resutls were then compared to NAs

in raw tailings without A-PAM addition at 20 °C.

As demonstrated in Fig. 5.4, the initial total concentration of NAs in raw tailings without
A-PAM was 51.77 mg/L, with O NAs being the most abundant classes (>60 %). After adding A-
PAM, the initial total concentration of NAs was reduced, with the lowest value of 31.04 mg/L
detected in the water of microorganism-augmented tailings. The reduction of NA concentration
would likely be due to the removal of NAs by coagulation due to the A-PAM. Although the O
NAs were still the major components in A-PAM treated tailings water, they decreased to about
55 % among different conditions, suggesting that the addition of A-PAM was beneficial to the
removal of O2 NAs from tailings water. In addition, no remarkable changes were noticed in the
total concentration of NAs in all systems after 11 weeks, indicating that the A-PAM degradation
had no dramatic effect on the total concentration of NAs in tailings water. A decrease of O> NAs
(which was below 50 %) and an increase in oxidized NAs with various extents were found in both
the water of raw tailings and in A-PAM treated tailings with augmented microorganisms after 11
weeks. However, opposite changes, where the percentage of O> NAs increased to about 60 s% and
O3 NAs decreased below 20 %, were found in the A-PAM treated tailings water with indigenous
microorganisms, suggesting that biodegradation of A-PAM might affect the distribution of NAs
without affecting the total concentration. Furthermore, we highlight the DBE versus carbon
number images for the dominant O class in tailings water after 11 weeks. As illustrated in Fig.
5.5, compared to the abundant NAs with a wide range of DBE values (1-10) and carbon number
(9-20) in raw tailings water without A-PAM, decreased concentrations of O> NAs with much
narrower range of DBE values and carbon number were observed in A-PAM treated tailings water.

Especially, for the A-PAM treated tailings water with augmented microorganisms, only two ranges
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of NAs, including those with carbon numbers of 12-16 and DBE of 3-4, and carbon numbers of

15-17 and DBE of 6-9 remained, which could be explained by preferential removal due to the

addition and biodegradation of A-PAM.
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Figure 5.4 Diagram of total concentration and class distribution of NAs in tailings water with
and without A-PAM under different temperature and microorganism conditions at week 0 and

week 11.
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Figure 5.5 Isoabundance-contoured plots of DBE versus carbon number for the O2 class for
tailing samples after 11 weeks: (a) control sample with no A-PAM under light and 20 °C ; (b)
with A-PAM under no light and 4 °C; (c) with A-PAM under no light and 20 °C; (d) with A-
PAM and indigenous microorganism under light and 20 °C; and (e) with A-PAM and

microorganism augmentation under light and 20 °C.

In order to further understand the effect of A-PAM degradation on the dominant O> NAs,

the DBE versus carbon number images for the classical NAs in pure polymer solutions were

174



studied (Fig. 5.6). The results showed that the generated O NAs from A-PAM hydrolysis and
degradation were in low concentrations (<2.5 mg/L) and were mainly NAs with DBE =1 (z = 0).
The carbon number range of NAs in pure polymer solution was 9-26, indicating that they are
primarily saturated fatty acids and, therefore, very dissimilar from the NAs in tailings water.
Therefore, we could assume that the increase in the relative abundance of O, NAs in A-PAM
treated tailings water was mainly due to fatty acids. Besides, after adding microorganisms in the
pure polymer solution, the concentration of saturated fatty acids decreased to < 0.9 mg/L which
demonstrated that they were susceptible to biodegradation. Hence, these fatty acids would not
persist as NAs in the water of A-PAM treated tailings though they could fit the NA formula.
Similar results were obtained by previous studies (Brown and Ulrich, 2015; Scott et al., 2005).

More detailed information of these fatty acids could to be investigated by GC-FID in the future.
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Figure 5.6 Isoabundance-contoured plots of DBE versus carbon number for the O2 class for
pure polymer solution after 11 weeks: (a) samples with no microorganism at 4 °C; (b) with no

microorganism at 20 °C; and (c) with microorganism at 20 °C.

5.3.2.1.3 TOC and COD

Both TOC and COD have been used to measure PAM degradation in various studies (Sang
et al., 2015; Sun et al., 2021). The initial TOC and COD concentrations in the water of A-PAM
treated tailings were measured as 480.9 mg/L-C and 1332.5 mg/L, respectively, which were 3-4
times higher than initial values in tailings water without A-PAM (Table 5.1). The removal
efficiencies of TOC and COD of A-PAM treated tailings and pure polymer solution under different
temperature and microorganism conditions were illustrated in Fig. 5.7. Interestingly, similar
fluctuations were noticed in both TOC and COD removal efficiency in A-PAM treated tailings
water where the values increased in the first 4 weeks, then decreased in the next 2 weeks, and
started to increase again at week 11. The highest removal efficiencies of TOC and COD were
found as 24.3 % and 32.8 %, respectively in A-PAM treated tailings water with augmented
microorganisms. The low TOC and COD reduction indicated limited chain breakage of A-PAM
which leads to partial mineralization in tailings water (Sun et al., 2017). The removal efficiencies
of TOC and COD in pure polymer solution without microorganisms under different temperatures
(Fig. 5.7a, 5.7¢) were very low (<5 %) and relatively stable, while the removal values became
similar to values in tailings water after adding microorganisms (Fig. 5.7b, 5.7d), suggesting that
the chain scission was mainly due to the biodegradation of A-PAM. Besides, strong linear
correlations with high R? values (>0.90) between the removal efficiency of A-PAM and the
removal efficiency of TOC and COD were observed in A-PAM treated tailings water (Fig. B.5).

This was expected because the initial concentration of A-PAM in tailings water was quite high
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(1000 ppm), thus contributing to the high initial values of TOC and COD. In this case, TOC and
COD could be used as indicators of A-PAM degradation in tailings water. Similar to A-PAM
treated tailings water, TOC and COD were successfully used to assess A-PAM degradation in pure

polymer solution under different conditions due to good linear correlations (all R>0.89) (Fig. B.6).
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Figure 5.7 Removal efficiency of TOC (a & b) and COD (c & d) with time in tailings and pure

polymer solution under different temperature (left) and microorganism (right) conditions.

5.3.2.1.4 Zeta potential and pH
Zeta potential is an important tool to indicate the stability of colloidal solution and it is
driven by pH as well as ionic strength (Kumar and Dixit, 2017). Therefore, zeta potential and pH

were monitored in tailings water and pure polymer solution. As shown in Fig. 5.8a, 8b, the initial
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values of zeta potential in the water of A-PAM treated tailings under different conditions were
about -60 mV, which were lower than the initial zeta potential value (-35 mV) in raw tailings water
without A-PAM (Table 5.1) and hence indicated the higher stability by promoted settling from A-
PAM addition. There was a slight increase of zeta potential value from -63 mV to -56 mV at 20 °C
while no significant change of zeta potential was observed at 4 °C in A-PAM treated tailings water
after 11 weeks. In addition, compared to the tailings water with indigenous microorganisms, zeta
potential values were less negative in tailings water with augmented microorganisms. Similar
changes of zeta potential were also observed in pure polymer solution. The zeta potential results
were consistent with the degradation efficiency of A-PAM, suggesting that the degradation of A-
PAM could result in the increase of zeta potential in tailings water. This implied that the stability
of tailings water declined slightly and limited media interactions like decrease of hydrogen
bonding and van der Waals could occur. The initial pH values of tailings water without A-PAM
(Table 5.1) and with A-PAM (Fig. 5.8c, 8d) were both at 8.6, which indicated that A-PAM addition
would not change the pH of tailings. The pH values rose slightly after 11 weeks in both A-PAM
treated tailings water and in pure polymer solution, from 8.6 to 8.8 and from 8.4 to 8.6, respectively,
which was probably due to the generation of ammonium from hydrolysis and degradation of A-
PAM. Besides, the NaHCOs3 in both pure polymer solution and tailings water could act as buffer,

which prevented the huge change in the pH values.
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Figure 5.8 Zeta potential (a & b) and pH (¢ & d) of pure polymer solution and tailings at

different time under different temperature and microorganism conditions.

5.3.2.2 Toxicity
5.3.2.2.1 Acute toxicity

The toxicity of tailings pond water has been the concern primarily with water release and
long-term reclamation of oil sands tailings. As shown in Fig. 5.9, raw tailings water without A-
PAM presented acute toxicity with highest inhibition effects of 52.0 % and 54.3 % at 5 min and
15 min, respectively, which was due to the presence of NAs and other organic compounds like

phenol (Li et al., 2017). Although A-PAM is generally considered as relatively nontoxic (Buczek
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et al., 2017), there is very limited publication assessing the toxicity of A-PAM with long exposure
time and with potential degradation products such as AMD and other intermediates. Therefore, it
is worthy to monitor the effect of A-PAM degradation on toxicity in tailings water under different
conditions in order to ensure the safety of A-PAM application in tailings management for long

period of time.

Acute toxicity tests performed with A. fischeri on tailings water and on pure polymer
solution were compared under different temperature and microorganism conditions. As illustrated
in Fig. 5.9, the highest inhibition effects were found in the A-PAM treated tailings water with
augmented microorganisms at the beginning, 67 % (5 min) and 69.3 % (15 min), respectively,
which revealed that even with high initial concentration of A-PAM (1000 ppm), the values were
only 15 % higher than those in raw tailings water without A-PAM probably due to the AMD
residual. In the pure polymer solutions, the maximum inhibition effects were also observed in the
solution with added microorganisms at 33.6 % (5 min) and 34.2 % (15 min). That is, the reduction
in luminescence intensity did not reach 50 %, confirming the non-toxic features of A-PAM at 1000
ppm in tailings. Similar decreases in inhibition effects from the beginning to week 11 (~20 % for
5 min and ~15 % for 15 min) were found in tailings water with and without A-PAM, indicating
that the degradation of A-PAM did not dramatically affect the acute toxicity of tailings water.
Previous studies have reported that the O> NAs, especially the tricyclic and bicyclic structures
increased 4. fischeri toxicity while fatty acids were not major contributors to toxicity (Yue et al.,
2016). Hence, the reduction of acute toxicity in A-PAM treated tailings water confirmed that the
increase in the O2 NAs concentration was mainly due to fatty acids. Yet, small increases (<10 %)
in the inhibition effects were found in pure polymer solution with added microorganisms and in

A-PAM treated tailings water with augmented microorganisms. This implied that the toxicity of
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metabolism intermediates from the biodegradation of A-PAM should not be neglected when
assessing the long-term toxicity of A-PAM degradation in environmental systems. Furthermore,
the acute toxicity of tailings sediments including pore water and sludge were also investigated at
the beginning and the end of the sampling period (Fig. 5.9). Compared to the A-PAM treated
tailings water, the acute toxicity of pore water in the sediments were relatively stable at about 60 %
while the acute toxicity significantly increased for the sludge of tailings sediments under different
conditions. The highest increases of acute toxicity of the sludge were observed at the sediments in
A-PAM treated tailings with augmented microorganisms, from 55.4 % to 74.4 % (5 min) and from
57.8 % to 76.3 % (15 min), respectively. Although no noticeable differences of the acute toxicity
of pore water and sludge at the beginning, after 11 weeks, the acute toxicity in sludge became at
least 10 % higher than the toxicity in pore water, implying that toxic compounds gradually

accumulated into the sludge by settling with A-PAM without being released into the pore water.
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pure polymer solutions are summarized in Fig. 5.10. The survival rate in all samples exceeded 80 %
which, based on the test’s supplier, validated the test results, proving that the samples were not
cytotoxic to the test bacteria. Besides, all the IF values of tailings water samples were lower than
the threshold value of 1.5, which implied that the addition and degradation of A-PAM would not
make tailings water become genotoxic, though they did slightly increase the IF values in tailings
water. It was noticed that the genotoxicity in the sludge of A-PAM treated tailings increased after
11 weeks and the final IF values were close to the threshold under all conditions, demonstrating
that the potentially genotoxic components may accumulate in the sludge of tailings sediments.
However, no remarkable increase of genotoxicity was found in the pore water in A-PAM treated
tailings sediments for 11 weeks. Longer tracking time for the genotoxicity of pore water and sludge
in the tailings sediments is suggested for future studies to confirm whether the degradation of A-
PAM in the sediments would result in the release of components with genotoxicity from sludge to
pore water and then transferred to the capping water. It is interesting to observe that the
genotoxicity of tailings water was lower than that of pure polymer solution under all conditions in
most of sampling periods. Lower genotoxicity in A-PAM treated tailings water than that of pure
polymer solution without microorganisms could result from the faster removal efficiency of AMD
due to biodegradation while producing metabolites with lower toxicity by the more diverse
microorganism community in tailings water as compared to the 5-strain microorganism mixtures
in pure polymer solution. More details about the metabolites produced from biodegradation of

AMD and A-PAM and the toxicity effect of these products are worthy to investigate in the future.
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5.3.3 Possible A-PAM degradation mechanisms

According to the degradation results of A-PAM under different temperature and
microorganism conditions, biodegradation could be the primary mechanism of A-PAM
degradation in oil sands tailings water. A-PAM biodegradation under aerobic condition occurred
in tailings water because of the hydrolysis of amide nitrogen and the cleavage of the main carbon
backbone. Based on the above results and proposed pathways in earlier studies (Bao et al., 2010;
Joshi and Abed, 2017), the possible pathway for the aerobic biodegradation A-PAM and its
derivatives in tailings water is outlined in Fig. 5.11. Biodegradation of A-PAM begins with
amidase catalyzed deamination of A-PAM to ammonia and polyacrylic acid. The liberated
ammonia is then utilized as a nitrogen source for growth by the microbes. As suggested by previous

studies (Nyysso6ld and Ahlgren, 2019; Yu et al., 2015), A-PAM would most likely be deaminated
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by extracellular amidases rather than intracellular ones, because the large size of the polymers
makes the transport into the cells difficult. After many cycles, subsequent catalysis by
monooxygenases oxidation on the main PAM carbon chain results in the oxidation of o-
[-CH,-]-COH-, transferred to -CHO, and then oxidized to -COOH. During the biodegradation
process, the main carbon backbone breaks down and large A-PAM molecules are transformed into
smaller molecules, such as oligomers, acrylate, and organic acids like fatty acids. The smaller
molecular fragment could be then used as the carbon source. No AMD is produced during the
biodegradation process of A-PAM in oil sands tailings. The possible pathway of biodegradation
of A-PAM was in line with the results of GPC, FT-IR, ammonium, and pH. Further study is needed
to determine the detailed chemical structure of the A-PAM degradation products by using more
advanced techniques like nuclear magnetic resonance spectroscopy and their subsequent fate. In
addition, A-PAM was not fully biodegraded in oil sands tailings, which can be hypothesized that

after biodegradation, the resulting carbon backbone structure, polyacrylate, is recalcitrant to

further biodegradation.
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Figure 5.11 Possible aerobic biodegradation pathway for A-PAM and the potential intimidate

compounds in tailings water.
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5.4 Conclusion

The degradation of A-PAM in tailings water under different temperature and
microorganism conditions was investigated and compared to its degradation in pure polymer
solution. The highest removal efficiency of A-PAM could reach 41.0 % in tailings water at 20 °C
with augmented microorganisms after 11 weeks. Under the experimental conditions examined in
this work, no AMD was released from the A-PAM degradation and residual AMD, from the
manufacturing process of A-PAM, was removed completely within 4 weeks in tailings water.
Based on the results of GPC and FT-IR, it was proven that large A-PAM molecules were degraded
into products with lower molecular weight. Besides, the hydrolysis of the amide groups in A-PAM
with the conversion of amide groups to ammonium and carboxylic acid was confirmed. In tailings
water, biodegradation was proposed as the main pathway for A-PAM degradation, and it was
verified that the microorganisms could utilize the amide and carbon of A-PAM as the source of
carbon and nitrogen nutrition for their growth in an aerobic environment. Both temperature and

microorganisms increased the degradation of A-PAM and residual AMD in tailings water.

By monitoring the water characteristics of tailings, the impact of addition and degradation
of A-PAM on the quality of tailings water was well explored. The concentration of total inorganic
nitrogen, TOC, COD, and absolute value of zeta potential in tailings water dramatically increased,
while the total concentration of NAs decreased, and pH remained relatively stable immediately
after the A-PAM addition. No significant changes to the total concentration of NAs were observed
in A-PAM treated tailings water, though low concentration of fatty acids (<2.5 mg/L), which fit
NAs formula, were detected in pure polymer solution, indicating that A-PAM degradation would
not affect the total concentration of NAs in tailings water though affect its distribution. Due to the

strong linear correlation (R?> 0.90) between the A-PAM removal efficiency and the removal

186



efficiency of TOC and COD, our findings suggest that both parameters could be used as indicators
of A-PAM degradation in tailings water. Slight increases in zeta potential and pH were found while
A-PAM degraded in tailings water. To further evaluate the possible environmental risks of A-PAM
and residual AMD degradation, both the acute toxicity and genotoxicity were assessed for tailings
water and sediments, including pore water and sludge. Similar acute toxicity values between A-
PAM treated tailings and raw tailings without A-PAM proved that the addition and degradation of
A-PAM did not dramatically affect the acute toxicity of tailings water. No genotoxicity was
identified in capping water and sediments in A-PAM treated tailings. Yet, increases of acute
toxicity and genotoxicity were only noticed in the sludge of A-PAM treated tailings, demonstrating
that the toxic components, which are not likely A-PAM component but rather what is being

flocculated, could accumulate in the sludge without being released into the pore water.

Our results of A-PAM aerobic biodegradation in oil sands tailings suggest that A-PAM
undergoes hydrolysis of amide groups by amidase enzymes, releasing ammonium and producing
polyacrylic acid. Under aerobic condition, oxidation catalyzed by monooxygenase on the carbon
chain might occur, resulting in the breakdown of carbon chain backbone and small molecular
fragments like fatty acids. Further investigation could be completed to elucidate the degree and
kinetics of A-PAM degradation in tailings. In addition, there is a need to examine biodegradation
of PAM under anaerobic condition and the effect on microbial community in tailings to complete
the knowledge gap of PAM degradation in tailings. Our results provide insights into the stability
and impacts of A-PAM in oil sands tailings for long period of time, which are valuable for the

management of oil sands tailings.
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CHAPTER 6 MOLECULAR AND MICROBIAL INSIGHTS TOWARDS
UNDERSTANDING THE ANAEROBIC DEGRADATION OF ANIONIC

POLYACRYLAMIDE IN OIL SANDS TAILINGS

6.1 Introduction

Polyacrylamide (PAM) is a high molecular weight, water-soluble polymer and one of the
most commonly used flocculants for oil sands mining operations (Chen et al., 2021; Gumfekar et
al., 2017). Among the different types of PAM, anionic polyacrylamide (A-PAM) has become a
primary choice to enhance dewatering the oil sands tailings, which is an aqueous wastes suspension
generated from bitumen mining and extraction processes (Dai et al., 2014; Qi et al., 2011).
Although A-PAM is generally accepted as being non-toxic to humans (Seybold, 1994), it is
reported that A-PAM could be broken down by physical-chemical factors, potentially releasing
acrylamide (AMD) monomer, which is a neurotoxin and a carcinogen to humans (EPA, 2010;
Woodrow et al., 2008; Xiong et al., 2018). Compared to the application of A-PAM in water and
wastewater treatment, biodegradation of A-PAM in oil sands tailings is more likely to occur, given
the higher dose applied (often 10 times higher) and the lack of other available nutrients in tailings

(Cossey et al., 2021).

As oil sands tailings ponds are typically oxic at surface but are anoxic at about 1 m below
the surface and deeper, aerobic biodegradation tends to occur in the upper layer whereas anaerobic
biodegradation is more likely to occur in the deeper layer of tailings (Cossey et al., 2021; Li et al.,
2023; Ramos-Padron et al.,, 2011). Previous studies of A-PAM biodegradation in oilfield
wastewater are mainly focused on aerobic environment (Bao et al., 2010; Dong et al., 2020; Liu et

al., 2012; Li et al., 2023). For example, Dong et al. (2020) applied mixed strains isolated from
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wastewater from a coking plant and a shale gas field to remove A-PAM. The maximum removal
efficiency of A-PAM reached at 45.8% at 35 °C after 7 days. Recently, our previous study
investigated the degradation of A-PAM at aerobic conditions in tailings (Li et al., 2023). Maximum
degradation efficiency of A-PAM was found to be 41.0% at 20 °C with augmented indigenous
microorganisms after 11 weeks. No acrylamide was reported during the biodegradation process in

the above studies.

With respect to anaerobic environments, biodegradation of A-PAM has not been as widely
investigated as aerobic degradation (Nyysso6ld and Ahlgren, 2019). Few studies have reported the
accumulation of AMD during the anaerobic degradation of A-PAM (Dai et al., 2014; Dai et al.,
2015). However, recent research by Hu et al. (2018) has demonstrated that the anaerobic
biodegradation of A-PAM could lead to the production of other less toxic metabolites, such as
acrylate and propionate. While certain bacteria, such as Proteobacteria and Planctomycetes, have
been found to have a strong correlation with anaerobic biodegradation of A-PAM (Dai et al., 2015;
Haveroen et al., 2005; Hu et al., 2018), the responsible microbial communities for A-PAM
degradation are still unclear (Cossey et al., 2021). In addition, the utilization of A-PAM by
microorganisms in tailings is still a matter of debate. Haveroen et al. (2005) observed that A-PAM
could be used as a nitrogen source and stimulated methanogenesis in different tailings mixed with
domestic sewage sludge. However, Collins et al. (2016) found that the same A-PAM did not serve
as a nitrogen source, and methanogenic activity was determined to be a result of nitrogen fixation
in tailings. Various factors have been shown to affect the anaerobic biodegradation of A-PAM,
including temperature, pH, polymer concentration, microbial communities, and the presence of
other carbon sources (Berdugo-Clavijo et al., 2019; Akbar et al., 2020). For example, Akbar et al.

(2020) found that increasing temperature from 35 °C to 55 °C could promote the A-PAM
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degradation from 30% to 78% in anaerobic conditions. However, little is known about the effect

of these factors on the biodegradation of A-PAM in tailings under anaerobic conditions.

Therefore, in order to better understand the A-PAM biodegradation pathways and its
impacts on biogas production, water chemistry, and microbial community in tailings under
anaerobic environment, this study focuses on (i) investigating the influence of A-PAM at different
dosages on methane production during anaerobic degradation; (ii) exploring how A-PAM affects
methane yield via organic transformation and the change of solid phase; (ii) determining the
responsible microbial community for A-PAM degradation; and (iii) proposing the potential

biodegradation mechanism of A-PAM.

6.2 Materials and methods

6.2.1 Materials

Tailings samples used in this study were from the oil sands extraction operation in Northern
Alberta and stored at 4 °C before use in the laboratory. The inoculum was collected from
mesophilic anaerobic digester from local wastewater treatment plant in Edmonton, Canada. The
characteristics of tailings and inoculum listed in Table 6.1. The hydrolyzed anionic polyacrylamide
(A-PAM) used in the present study was supplied by SNF, Canada. The weight averaged molecular
weight (Myw) and number averaged molecular weight (M) of A-PAM were determined by gel
permeation chromatography (GPC) to be around 2.12 X 10° Da and 1.2 X 10° Da, respectively,
with the polydispersity index (PDI, Mw/ M) of 1.80 and a medium anion charge density. Sodium
hydroxide (NaOH) and acrylamide (>99.9 % pure; powder) were purchased from Sigma Aldrich.
Methanol (HPLC grade) and potassium dihydrogen phosphate (KH>PO4) were obtained from
Fisher Scientific. All solutions were prepared with ultra-pure water (R>18.2 MQ) obtained from

a Millipore Millli-Q system.

199



Table 6.1 Properties of oil sands tailings and inoculum.

Properties Value
Oil Sands tailings

Water content % 47.6+1.9

Solids content % 51.3+£2.2

Bitumen content% 1.1+0.3

pH 8.5+0.1
Zeta potential (mV) -38.7+2.4
TOC (mg/L) 173.7+1.4
COD (mg/L) 560.5+1.7

Inoculum

Total solids (TS) (g/L) 357+x14
Volatile solids (VS) (g/L) 295+ 1.6
pH 7.3+0.05

6.2.2 A-PAM degradation experiment

The biodegradation of A-PAM was conducted in batch anaerobic reactors. At the start of
batch experiments, 100 mL of tailings samples and 5 mL of inoculum were mixed in a 125 mL
reactor. In order to investigate the effect of initial dosage on A-PAM degradation, different dosages

of A-PAM (0, 50, 100, 250, 500, 1000, 2000 mg/kg TS) were added into reactors. N> was purged
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in the headspace of reactors for 5 min to provide anaerobic conditions. The reactors were reversed
several times to mix samples. The anaerobic reactors were operated at 37 + 1 °C, and the batch
experiment was conducted until constant methane yield achieved (about 36 days). The liquid
samples were collected by using a syringe and then filtered (0.45 pm) and stored at 4 °C until
analysis. The sludge samples were frozen at -20 °C for further microbial analysis and dried for 24

h at 105 °C for floc characterization.

6.2.3 Analytical methods

Methane that accumulated in the bottles was detected by a gas chromatography coupled
with a thermal conductivity detector (GC-TCD) (7890B, Agilent Technologies Inc, USA), and
helium was used as the carrier gas. Gas chromatography coupled with a flame ion detector (GC-
FID) was used to characterize the composition of volatile fatty acids (VFAs). The concentration
and molecular weights of A-PAM before and after degradation were determined by a GPC coupled
with an ultraviolet multiple wavelength detector (Agilent Technologies Inc, USA). The columns
used in this study were a TSK-Gel GMPWxL column (Tosoh Bioscience, 13 pm particle size, 7.8
mm ID X 30 cm) and a TSK-Gel guard PWxL column (Tosoh Bioscience, 12 um particle size, 6.0
mm ID X 4.0 cm). The mobile phases for A-PAM concentration and molecular weight
determination were 0.05 M KH>POys solution and 0.01 M NaH>PO4 with 0.1 M NaCl (pH 7) at the
same rate (0.75 mL/min), respectively, under ambient temperature and 205 nm of UV wavelength.
Both concentration and molecular weight were determined by a standard curve. Similarly, AMD
concentration was measured by the using high-performance liquid chromatography (HPLC) with
a UV multiple wavelength detector (Agilent 1100) that was coupled with a SB-C18 column
(Agilent, ZORBAX, 3.5 um particle size, 4.6 mm ID X 150 mm), a guard column (Agilent, 1.8

pum particle size, 3.0 mm ID X 5.0 mm) and the mobile phase consisting of 90 v/v% of phosphate
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buffer (0.006 M KH;PO4) and 10 v/v% of methanol at a rate of 0.5 mL/min under ambient
temperature and 208 nm of UV wavelength. Detailed procedure can be found in Sang et al. (2015).
The supernatants after A-PAM degradation were freeze-dried and analyzed by an attenuated total
reflection Fourier transform infrared spectrometer (ATR-FTIR, Nicolet 8700, Thermo Fisher

Scientific).

The concentration of naphthenic acids (NAs) before and after A-PAM degradation was
analyzed by ultra-performance liquid chromatography time-of-flight mass spectrometry (UPLC-
TOF-MS) (Synapt G2, Waters) with negative electrospray ionization mode as explained
previously (Huang et al., 2018). In brief, 0.5 mL of water samples (filtered by 0.2 um nylon filter)
was mixed with 0.4 mL of methanol and 0.1 mL of myristic acid-1-'3C (4.0 mg/L), which was
used as an internal standard. Chromatographic separations were carried out using a Waters UPLC
Phenyl BEH column (1.7 pym, 150 mm % 1 mm). Raw data was processed in TargetLynx® V 4.2
software. The total organic carbon (TOC) of the water sample was measured by a Shimadzu VCSH
TOC analyzer (Shimadzu, Canada). Chemical oxygen demand (COD), ammonium nitrogen
(NH4"-N) concentration, nitrite nitrogen (NO2™-N), nitrate nitrogen (NO3™-N), and total nitrogen
(TN) concentration of water samples were determined by a Hach COD kit, a Hach ammonium kit,
and a Hach TKN kit, respectively, coupled with a HACH DR-3900 spectrophotometer (Hach,

USA).

6.2.4 Toxicity tests

The toxicity of water samples before and after A-PAM degradation were assessed by
Microtox® for acute toxicity to Allivibrio fischeri (A. fischeri) and SOS-ChromoTest
(Environmental Bio-detection Products Inc.) for potential carcinogenic effect to E. coli PQ37 as

explained previously (Li et al., 2023). Briefly, after adjusting the pH of all samples to around 7
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using 0.1 mM H>SOs, a Synergy Microplate reader coupled with 96-well plates was used for both
Microtox® and SOS-ChromoTest. For acute toxicity, phenol was used as a positive control and
2 % of NaCl in deionized water was used as a blank control. The luminescence was measured, and
the inhibition of light emission was calculated following the method of Johnson (2005). For the
relative strength of potential genotoxicity, different serial dilutions of each sample were prepared
by adding DMSO in 96-well plates and then E. coli PQ37 was added. The induction factor (IF)
was calculated based on the absorbances at 420 nm and 600 nm before and after incubation at
30 °C. It is widely accepted that IF of 1.5 is a threshold value for genotoxicity (Alabi, 2022;

Romano et al., 2020).

6.2.5 Floc characterization

Field emission scanning electron microscopy (FESEM, Zeiss Sigma 300 VP) was used to
observe the surface structure of flocs before and after A-PAM degradation. The elemental
composition of flocs was analyzed using energy-dispersive X-ray spectroscopy (EDS, Bruker) and
X-ray powder diffraction (XRD, Rigaku Ultima IV powder X-ray diffractometer). The
spectrogram (4000-400 cm!) analysis was used to assess the chemical structure of A-PAM before

and after degradation via ATR-FTIR spectrometer at room temperature.

6.2.6 Microbial community analysis

DNA was first extracted from sludge samples at the beginning and the end of experiments
by using a DNeasy blood and tissue kit (Qiagen Inc., USA). In order to investigate the microbial
communities in the heavy and light DNA fractions, DNA samples were sent to the Applied
Genomics Core facility (University of Alberta, Canada) for sequencing in an Illumina MiSeq
instrument. For library preparation, the V3-V4 hypervariable region of the bacterial 16S rRNA

gene was targeted and the 341F and 758R primers were used, following the procedure described
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previously (Thijs et al., 2017). After sequencing, raw reads in R language were processed via the
DADA?2 computational pipeline (v1.8.0). True sequences were identified as amplicon sequence
variants (ASVs). The alpha and beta diversity analyses were carried out to understand community
diversity, richness, and pattern similarity (Arslan and Gamal El-Din, 2021). Then, taxonomic was
assigned to each sequence using assignTaxonomy function in R and the non-redundant SILVA

taxonomic training set (“silva_nr v128 train set.fa”, https://www.arb-silva.de/). The microbial

profiles were collapsed at different taxonomic levels (e.g. phylum to species). Taxonomy-assigned
ASV table was imported in R language and subsequently heatmaps were produced for comparison

of top 20 abundant ASVs using the “ampvis2” package.

6.3 Results and discussion

6.3.1 Effect of A-PAM concentration on methane production

The batch experiments of anaerobic degradation of A-PAM were conducted for 36 days
until the maximum methane yields were achieved. Cumulative methane production from tailings
sample with different concentrations of A-PAM (50 to 2000 mg/kg TS) are shown in Fig 6.1. The
methane production in the absence of A-PAM increased with the time from the 1 to the 31% day
and reached a maximum value of 8.5 mL CHa. In the presence of A-PAM at concentration of 50
mg/kg TS and 100 mg/kg TS, slightly higher methane yield was observed at 8.9 and 8.7 mL,
respectively, However, increasing A-PAM concentration from 250 to 2000 mg/kg TS caused the
methane yield to decrease remarkably to 7.9, 7.5, 7.1, 6.4 mL, suggesting that higher A-PAM
concentrations had a significantly negative effect on methane yield in the tailings at 37 °C. Similar
results have been reported in prior studies where less methane was produced with increasing PAM
concentrations under anaerobic degradation at 37 °C (Akbar et al., 2020; Dai et al., 2014; Wang et

al., 2018). The lower methane yield in tailings with higher concentrations of A-PAM suggested
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the slower and less degradation of A-PAM, which might be due to higher viscosities and large
flocs that can inhibit the microbial activity (Chu et al., 2005; Dai et al., 2014). In the following

sections, the details of how A-PAM concentration affects the methane production were explored.

12
—— Control
1 —@—350mg/ke TS
—A— 100 mg/ke TS
10 4 w250 mg/kg TS
500 mg/kg TS

1 —<— 1000 mg/kg TS = p——%
g —p— 2000 mg/kg TS ”,’——

Cumulative CH, yield (mL)

T ! T T T Y T '
20 25 30 35 40

Time (days)
Figure 6.1 Cumulative methane production from A-PAM degradation.

6.3.2 Effect of A-PAM concentration on anaerobic degradation

Previous studies reported that PAM could be partly biodegraded and used as carbon and
nitrogen sources under anaerobic conditions (Chu et al., 2002; Dai et al., 2015; Haveroen et al.,
2005). The concentration of A-PAM in tailings before and after anaerobic condition is shown in
Fig. 6.2. The concentration of A-PAM decreased significantly at low dosages as compared with
high dosages in the tailings, following the order of 50 mg/kg TS (46.2%) > 100 mg/kg TS (40.0%) >

250 mg/kg TS (37.4%) > 500 mg/kg TS (33.2 %) > 1000 mg/kg TS (29.4%) > 2000 mg/kg TS
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(24.8%). Similarly, the molecular weight of A-PAM in tailings decreased after anaerobic
degradation (Table 6.2), with the highest reduction of My (76.2%) and M, (80.2%) found in the
A-PAM dose of 50 mg/kg TS. The decrease in My and M, was due to the breakdown of C-C groups
in the polymer (Xiong et al., 2020). In addition, the polydispersity index (PDI) of A-PAM with
different concentrations also reduced after anaerobic degradation, suggesting that A-PAM in
tailings under anaerobic condition was degraded to some extent and has undergone a downward
shift in both My and M, with narrowing of molecular weight distribution. Previously, Song et al.
(2017) also observed the reduced molecular weight of PAM in anaerobic blanket reactors after
operating 470 days and provided firm evidence that the cleavage of the main carbon chain
backbone was attributed to biological degradation. When the concentration of A-PAM increased,
especially for the highest dosage of 2000 mg/kg TS, the percentage of My and M, decreased
dramatically, dropping to 38.7% and 57.4%, respectively. The results indicated that the
concentration of A-PAM plays a crucial role in anaerobic degradation of A-PAM in tailings and
higher concentration of A-PAM results in less degradation, which is consistent with previous
methane data. It is noted that the COD and TOC declined slowly with degradation of A-PAM
(Table. B.3). With the highest A-PAM degradation occurring for dose of 50 mg/kg A-PAM, COD
and TOC removal reached only 6.0 % and 21.5%, respectively, which were much lower than A-
PAM removal. This result indicated that as A-PAM is exposed to anaerobic biodegradation in
tailings, A-PAM molecules break down to intermediates, but achieving mineralization of these
intermediates is challenging. In addition, the absolute value of the zeta potential of tailings water
also decreased after A-PAM degradation. As explained in our previous study of aerobic

degradation of A-PAM in tailings (Li et al., 2023), the zeta potential is an important tool to predict
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the stability off the solution and reducing absolute value of zeta potential in this study implied that

the interactions in tailings water, such as hydrogen bonding and van der Waals, reduced.
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Figure 6.2 Concentration removal of A-PAM during anaerobic degradation.

Table 6.2 The molecular weight of A-PAM before and after anaerobic degradation.

Polymer sample Mw (Da) Mn (Da) PDI
Before 2.1 x 10° 1.2 x 10° 1.80

50 mg/kg TS 5.0 10° 42 x 10° 1.20
100 mg/kg TS 5.1x 10° 42 %105 1.21
250 mg/kg TS 6.0x 105 4.8 x 10° 1.24
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500 mg/kg TS 7.2 X 10° 5.7 X 10° 1.27
1000 mg/kg TS 1.0 x 10° 7.0 x 105 1.42

2000 mg/kg TS 1.3 x 10° 9.0x 10° 1.44

To elucidate the change in the structure of A-PAM after degradation, the FT-IR
spectrograms of the A-PAM before and after degradation were recorded and are shown in Fig. 6.3.
As shown in Fig. 6.3, the regions at 1126 cm™! (C-O-C) and 1401 cm™ (-COO") increased while
the regions at 3340 cm™ (-NH), 3198 cm™ (-NHz), and 1657 cm™ (C=0) decreased in A-PAM
with low concentrations (50 and 100 mg/kg TS) after degradation, indicating that some amide
groups (C-N) were hydrolyzed into ammonia and carboxylic acid and adjoining amide groups
could be converted into ether group after hydrolysis at low A-PAM concentrations. With
increasing A-PAM concentration, the peak intensities at 1126 cm™ and 1401 cm™ gradually
reduced, whereas peak intensities at 3340 cm™, 3198 cm™!, and 1657 cm™ increased. These results
demonstrated that higher concentration of A-PAM would inhibit the hydrolysis (Wang et al., 2018).
Moreover, the band near 2933 cm™ (-CH3 or -CHz) completely disappeared at lower concentrations
of A-PAM (50-500 mg/kg TS), but only partly disappeared at higher concentrations of A-PAM
(1000 and 2000 mg/kg TS), implying that more breakage of the carbon backbone occurred at lower
concentrations of A-PAM. Similarly, the small peak at 1417 cm™ (C-N) also disappeared for lower
concentrations of A-PAM (50-500 mg/kg TS), while a small shoulder was left for higher
concentrations of A-PAM (1000 and 2000 mg/kg TS), suggesting that more C-N bonds were
cleaved to release -NH> and provide a nitrogen source to microbes under lower concentrations of

A-PAM. The breakage of C-N could be further confirmed by the slight increase in pH after A-
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PAM degradation (Table. B.3). Overall, the FT-IR results of A-PAM are consistent with previous

results of methane production and degradation efficiency of the polymer.
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Figure 6.3 FT-IR analysis of A-PAM before and after degradation under anaerobic condition.

Besides being a carbon source, A-PAM has also been reported to be used as the nitrogen
source by hydrolyzing the amide group into free ammonium (Dai et al., 2014) and to produce
VFAs and methane under anaerobic conditions (Chu et al., 2002; Haveroen et al., 2005). Therefore,
total nitrogen (TN), ammonium nitrogen (NH4"-N), nitrite nitrogen (NO2™-N) and nitrate nitrogen
(NOs-N) were measured to examine whether A-PAM can be used as the nitrogen source in tailings
under anaerobic condition (Fig. 6.4). As shown in Fig. 6.4a, the concentration of TN decreased
slightly in tailings with A-PAM addition, while it is relatively stable at 6.0 mg/L in control, which
demonstrated that A-PAM could be utilized as an N source and converted to other forms of nitric
salts (Yan et al., 2016). The higher NH4"-N concentrations were found in tailings with the addition

of A-PAM compared to the control due to the hydrolysis of amide groups within A-PAM (Fig.
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6.4b). Given that the NH4"-N could not be used immediately by microbes, the concentration of
NH4"-N increased first and then decreased. It should be noticed that a longer time is needed for
NH4"-N to climb to the maximum value in tailings with higher A-PAM concentrations. For
example, for lower dosages of A-PAM (50 and 100 mg/kg TS) the highest NH4"-N concentrations
were found at day 10, whereas for higher dosage of A-PAM (250 and 500 mg/kg TS) the maximum
values were observed at day 15. This result indicated that increasing initial A-PAM amount would
decrease the utilization rate of A-PAM as a nitrogen source, which is consistent with prior studies
on anaerobic degradation of PAM (Dai et al., 2014; Haveroen et al., 2005). In addition, increasing
A-PAM concentration resulted in higher NH4"-N concentration and previous publications have
pointed out that both ammonium and free ammonia could suppress methane production under
anaerobic degradation (Chen et al., 2008; Wang et al., 2018), which can provide additional
explanation for lower methane production with higher A-PAM concentrations. Although there
were fluctuations between 1 and 4 mg/L in the concentrations of NO>™-N and NO3™-N throughout
the experiment (Fig. 6.4c), a slight increase was found in all tailings with A-PAM addition after
A-PAM degradation. These observations suggest that the bacteria used A-PAM as their N source,
which was obtained through the hydrolysis of the amide groups in the A-PAM, using an amidase

enzyme produced by bacteria to cut the C-N bond in the amide group.
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6.3.3 Effect of A-PAM concentration on organic transformation during anaerobic
degradation

To further study the intermediates produced during the anaerobic degradation of A-PAM
in tailings, total VFAs production and AMD concentration were measured before and after A-
PAM degradation (Fig. 6.5). Fig. 6.5a shows the contribution of A-PAM for VFAs production.
Five distinct VFAs, including acetic acid, propionic acid, isobutyric acid, butyric acid, and caproic
acid, were identified in tailings without A-PAM on both day 0 and day 36. On day 36, all tailings
samples with A-PAM addition showed a dramatic increase in the total VFAs concentration
compared to the control sample at day 0. Notably, valeric acid was also detected in the tailings
samples with A-PAM addition on day 36, indicating its potential role as a product of A-PAM
degradation. The maximum total VFAs production was 20.0 mg/L, with acetic (86.7%) and
propionic (7.4%) acids as the main constituents in the tailings with 50 mg/kg TS of A-PAM at day
36. Although the total VFAs production decreased with increasing concentration of A-PAM, the
main constituents remained acetic and propionic acids. This is consistent with a previous study
that reported acetic acid and propionic acid as the major components produced during the
anaerobic degradation of PAM under mesophilic conditions in a dewatered sludge system (Dai et
al., 2014). Acetic acid is well-known to be the major component that is converted into methane
(Wang et al., 2018). The low consumption of acetic acid in all tailings samples could explain the
low production of methane (<10 mL) in this study. Moreover, the VFAs results suggest that the
concentration of A-PAM plays a crucial role in the organic transformation during the anaerobic
degradation of A-PAM. Lower concentrations (50 and 100 mg/kg TS) was found to lead to a higher
accumulation of total VFAs (>16.0 mg/L) and a higher methane yield compared to higher

concentrations of A-PAM (>100 mg/kg TS). In contrast, the lower production of total VFAs (< 14
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mg/L) in tailings samples with higher A-PAM concentrations could be due to the inhibited
microbial activity and major anaerobic degradation stages, including hydrolysis, acidogenesis,
acetogenesis and methanogenesis (Liu et al., 2019). It is worth noting that the low consumption of
total VFAs in low concentrations of A-PAM, which probably results from the partial inhibition of
the acetogenesis and methanogenesis processes (Akbar et al., 2020), only led to a slight increase
in methane yield compared to the control. Our results align with prior studies where the negative
impact of excess VFAs production on methane yield was demonstrated (Akbar et al., 2020; Allam
et al., 2023). Nevertheless, our findings highlight the potential benefit of using lower concentration
of A-PAM for enhancing VFAs utilization and optimizing the anaerobic degradation process in

future studies.

In addition to the VFAs, the changes of AMD concentration in tailings were also
investigated (Fig. 6.5b). Traces of AMD (<0.8 mg/L) were found in the tailings with A-PAM
addition at day 0, which was residual by-product due to the incomplete polymerization process of
the commercial A-PAM (Caulfield et al., 2002). During anaerobic degradation, the breakdown of
the carbon chain backbone in A-PAM led to a slight increase in AMD concentrations in tailings
with A-PAM concentrations of 50, 100, 250 and 500 mg/kg, from 0.05, 0.07, 0.10, 0.13 mg/L to
0.12, 0.10, 0.12, 0.15 mg/L, respectively. However, the AMD concentration remained relatively
stable at 0.53 mg/L when the A-PAM concentration was increased to 1000 mg/kg TS, and a slight
reduction in AMD concentration (0.77 to 0.71 mg/L) was observed when the concentration of A-
PAM was further increased to 2000 mg/kg TS. These results suggest that higher A-PAM
concentrations could inhibit anaerobic degradation. Overall, the low concentrations of AMD found
in all tailings samples with A-PAM addition suggested that the main intermediate products were

low molecular weight polyacrylic acid rather than AMD from anaerobic degradation of A-PAM.
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Similar findings were observed in earlier research on both aerobic and anaerobic degradation of
PAM (Li et al., 2023; Liu et al., 2012; Wang et al., 2018; Yan et al., 2016). It has been reported
that polyacrylic acid was the major inhibitor to the various processes of anaerobic degradation,
such as solubilization, hydrolysis, acidogenesis, and methanogenesis, while AMD has been
reported to significantly inhibit the methanogenesis stage (Wang et al., 2018). Given the low
concentration of AMD in the tailings with A-PAM (<1 mg/L), our findings suggest that the
negative impact of AMD on methane yield can be considered as minimal, and the low methane
yield in tailings would be mainly due to the generation of polyacrylic acid from anaerobic

degradation.
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concentrations before and after anaerobic degradation of A-PAM.
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It has been demonstrated that A-PAM can be degraded in tailings under anaerobic
condition and its degradation intermediates may process potential biotoxicity, especially the AMD.
Hence, the acute toxicity and genotoxicity of tailings water were evaluated before and after A-
PAM degradation (Fig. 6.6). The initial tailings water without A-PAM addition showed 51.3% of
inhibition effect to 4. fischeri bacteria, which was mainly due to the presence of naphthenic acids
(NAs) (Li et al., 2017) (Fig. 6.6a). When different dosages of A-PAM were added into tailings,
the initial inhibition effect of tailings water reduced, of which the lowest inhibition effect (37.5%)
was observed at 250 mg/kg TS of A-PAM. The reduction of acute toxicity in tailings with A-PAM
addition was confirmed by the decrease in the concentration of total NAs (Fig. 6.6b), following
the order of 250 mg/kg TS of A-PAM (14.6 mg/L) <500 mg/kg TS of A-PAM (15.4 mg/L) <1000
mg/kg TS of A-PAM (17.4 mg/L) <2000 mg/kg TS of A-PAM (18.3 mg/L) < 100 mg/kg TS of
A-PAM (50.6 mg/L) < 50 mg/kg TS of A-PAM (52.1 mg/L) < Control (55.0 mg/L). The lower
total NAs concentrations at day 0 compared to control is likely due to the coagulation by A-PAM,
as explained in our previous study on aerobic degradation of A-PAM in tailings (Li et al., 2023).
After A-PAM degradation, more NAs were removed in tailings water with A-PAM addition
(>22.0%) compared to the control (20.9%). Similarly, higher reduction of inhibition effect was
observed in tailings water with A-PAM addition (>14.1%) than reduction in control (13.9%).
Furthermore, there were no dramatic differences of reduction of inhibition effect and NAs
concentration in tailings water with different A-PAM dosages. These results indicated that the
anaerobic degradation of A-PAM in tailings would not produce NAs and contribute to the acute
toxicity of tailings water. As shown in Fig. 6.6c, all IF values in tailings water with A-PAM

addition were lower than the threshold value of 1.5 before and after A-PAM degradation, which
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indicated that the addition of up to 2000 mg/kg TS of A-PAM and its anaerobic degradation would

not cause genotoxicity in tailings water.
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6.3.4 Effect of A-PAM concentration on solid phase during anaerobic degradation

In order to investigate the effect of anaerobic degradation of A-PAM with different initial
concentrations on the flocs, SEM-EDS was use to compare the morphology and chemical
composition on the surface of flocs. Images of solids in the control are compared to the sediments
obtained before and after the degradation of A-PAM in Fig. 6.7. The solids in control samples
exhibited a smooth surface without porous structures. When A-PAM was added into tailings at
day 0, the formed flocs showed a coarse structure with an irregular porous surface, which is
consistent with the fact that A-PAM could produce flocs through bridging bonding. With
increasing A-PAM concentrations, an increased number of larger aggregates were found on the
flocs. In addition, it is interesting to observe that after A-PAM degradation (day 36), the flocs
produced by lower initial A-PAM concentrations (50 to 500 mg/kg TS) had more porous or
honeycomb-like structures, which may provide more surface area and accessibility for microbial
activity, leading to higher methane yield and degradation efficiency. Conversely, flocs formed by
higher concentration of A-PAM remained relatively compact structures (1000 and 2000 mg/kg
TS), which could limit microbial activity and result in lower methane yield and degradation
efficiency. Therefore, the SEM findings indicated that the A-PAM concentration could affect the
anaerobic degradation process via changing the floc structures. The porous or honeycomb-like
structures observed in the flocs after A-PAM degradation in lower concentrations of A-PAM could
result for various reasons: 1) methane produced from A-PAM degradation becomes trapped within
the tailings flocs, resulting in the formation of gas pockets and pores (Chen et al., 2010); 2) the
physical and chemical properties of the tailings flocs were altered due to A-PAM degradation,
leading to changes in the stability and structure of flocs (Zhou et al., 2022); 3) the degradation

metabolites of A-PAM, such as AMD and other organic compounds, can act as cationic surfactants
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and interact with the negatively charged surfaces of flocs (Zheng et al., 2017); 4) the presence of
microorganisms could break down A-PAM and form voids within the flocs (Wilén and Balmer,

1999).

Chemical composition of the solids and flocs is given in Table. B.4. Among various
elements, C, O, and Si were found to be the dominant components in all solids and flocs (>90%)
due to the presence of mineral matrices and organic compounds in tailings. In addition, compared
to the control, the higher percentages of C, Na and Si in the flocs with A-PAM addition, along
with the lower percentages of O and Al, could suggest that A-PAM co-precipitated with flocs
resulting in changes in the mineral composition of the flocs. After A-PAM degradation, the
increase in percentage of C, O, and Al, as well as the decrease in the percentage of Si, suggests
that the A-PAM degradation may have contributed to changes in the composition and structure of
the flocs, which could affect the microbial community and impact methane production. The
increasing percentages of C and O could be due to the presence of organic compounds resulting
from the A-PAM degradation or microbial activities. Given Al is known to affect the structural
stability of minerals and clays due to the capability of forming strong chemical bonds with other
elements (Sposito, 2008), the higher percentage of Al may play a role in the structural stability of
flocs. In contrast, the decrease in the Si percentage could imply that there were changes in the
mineral composition of the flocs, which could be due to the breakdown of silicate minerals by
microbial activities (Konhauser and Ferris, 1996). Overall, EDS analysis could provide valuable
insights into the composition and structure of flocs and support that the observed porous or
honeycomb structures are due to the anaerobic degradation of A-PAM. However, further
investigation of flocs would be necessary to better understand the impact of A-PAM concentration

on floc structures and the anaerobic degradation process.
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Figure 6.7 SEM images for flocs in control and tailings with A-PAM addition before (day 0) and

after (day 36) anaerobic degradation of A-PAM.

In order to further investigate how the A-PAM concentration affects the flocs formed
during anaerobic degradation in tailings, more analyses including FT-IR and XRD were conducted
to study the structure and composition of the flocs (Fig. 6.8). As shown in Fig. 6.8a, similar peaks
were found in solids from the control and from the flocs in tailings with A-PAM addition at day 0.
These are the peaks found at 3693 cm™! (O-H), 3619 cm™! (O-H), 1602 cm™ (C=C), 1480 cm™! (C-
H), 1033 cm! (Si-O-Si), 778 cm™! (Si-O-Si), and 690 cm™ (Si-O-Al). However, there were
decreases in peak intensities at 1033 cm™, 778 cm’!, and 690 cm™ with increasing concentration of
A-PAM. These intensities are characteristic of bonds occurring in silicate minerals and clays (Kr6l
et al., 2016; Naik et al., 2021). The reduction could be due to the elastic repulsions between the
negatively charged A-PAM molecules and negatively charged silicate minerals and clays. As the
concentration of A-PAM increased, the elastic repulsion also increased, which could alter the
strength of the chemical bonds or vibrations responsible for the FT-IR peaks. Besides elastic
repulsion, other interactions between A-PAM and minerals, like electrostatic interactions, could
also play a role in changing peak intensities. After A-PAM degraded under anaerobic condition
(Fig. 6.8b), the dramatic reductions in peak intensities at 1033 cm™, 778 cm™!, and 690 cm™! were
found in lower concentrations of A-PAM (<500 mg/kg TS), which could be explained by the
formation of organic products from A-PAM degradation. For example, polyacrylic acid, which is
a polyelectrolyte and has a strong affinity for charged surfaces (Zaman et al., 2002). It could adsorb
onto the surfaces of the silicate minerals and clays, potentially blocking or modifying the vibrations
for the FT-IR. Another notable decrease at low concentrations of A-PAM (50 and 100 mg/kg TS)

in the peak intensities were found at 1602 cm™ and 1480 cm!, which are used to identify the
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presence of organic compounds (Moosavinejad et al., 2019; Petibois et al., 2006). These decreases
could also be due to A-PAM degradation and interactions between A-PAM and other organic
compounds in tailings. In contrast, the increase in peak intensities at 1033 cm™', 778 cm™!, and 690
cm’! were observed in higher A-PAM concentrations (1000 and 2000 mg/kg TS). Given that A-
PAM degradation decreased and occurred more slowly with high concentration in tailings, the
longer residence times for A-PAM in the tailings could increase the likelihood of interactions with
the solids. Therefore, the observed changes in the FT-IR peak intensities with varying
concentration of A-PAM could be due to a complex interplay between the degradation products,
the solid components in the tailings, and other factors that require further investigation to fully
understand. Nevertheless, the FT-IR results are indicative of the changes in the interactions
between the A-PAM and the flocs, which could contribute to changes in the physical structure of

the flocs.

The XRD spectrum of flocs in the control and tailings samples with various concentrations
of A-PAM at day 0 is presented in Fig. 6.8c. It can be observed that the two major peaks are at
24.3 and 31.0 angles (20) in all samples. These are characteristic peaks for quartz (Almutairi et al.,
2021). The presence of these intensive peaks indicates the dominance of silica phase in the solids
and flocs. Compared to the control, lower peak intensities were found in tailing samples with lower
concentrations of A-PAM (50 to 500 mg/kg TS), suggesting that the presence of A-PAM could
reduce the crystallinity of the minerals in the tailings. In contrast, higher peak intensities were
found at higher concentrations of A-PAM (1000 and 2000 mg/kg TS), which may be due to the
adsorption of A-PAM onto the surfaces of silica minerals, leading to the modification of the crystal
structure of the mineral and subsequent increase in peak intensity. Previously, Deng et al. (2006)

has observed that the adsorbed A-PAM could alter the charge properties of clays. After A-PAM
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degradation (day 36) (Fig. 6.8d), the intensity of the peak at 24.3 and 31.0 angles (20) dropped for
lower concentrations of A-PAM, which could be due to the breakdown of A-PAM molecules and
their subsequent release from the flocs. On the other hand, the increase in peak intensities at higher
concentrations of A-PAM could be attributed to the slower degradation of A-PAM, resulting in
more interactions with minerals and increased adsorption onto their surfaces. Furthermore, the
changes in the crystalline structure of the minerals, as demonstrated in XRD analysis, could have
an impact on the microbial activity and methane production by affecting the properties of minerals
surfaces and subsequently the microbial colonization and metabolic activity (Dong et al., 2022).
Overall, the XRD results suggest that A-PAM could affect the crystalline structure of the solids
components, such as silicate minerals in tailings, which is consistent with the SEM-EDS and FT-
IR results. Together, the combined results provide valuable insights into the potential mechanisms
underlying the observed effects of A-PAM on methane production and degradation in the tailings

under anaerobic condition.
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Figure 6.8 FT-IR (a and b) and XRD analysis (c and d) for solids and flocs before and after

anaerobic degradation of A-PAM.

6.3.5 Effect of A-PAM concentration on microbial community during anaerobic

degradation
The microbial community plays an important role in the anaerobic degradation process. To

understand the impact of A-PAM addition and its degradation on the microbial community,
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microorganism compositions were examined in the inoculum, pre-treatment control (control at day
0), and reactors with A-PAM addition as well as control at day 36. Overall, a total of 2251
phylotypes were observed at the 97% sequence similarity level, which comprised 41 phyla and
276 genera. In order to interpret the changes in microbial community composition, alpha diversity
analyses, including the Shannon diversity index (H) and the Chaol analysis, were carried out (Fig.
6.9a). The results showed that H values were above 5.0 and Chaol values were above 250 in all
samples, indicating a diverse microbial community that could participate in the degradation and
transformation of organics like A-PAM under anaerobic condition. Similar H values varied
between 5.0 to 5.4 and similar Chaol values between 250 and 400 were found among pre-treatment
control, control and tailing samples with various A-PAM concentrations, which suggested that the
presence of A-PAM did not have a significant impact on overall microbial diversity. However, it
is important to investigate the impact of A-PAM on the specific microbial community and their

metabolic activity during the process of anaerobic degradation of A-PAM.

To assess the beta diversity of microbial communities in tailings with different
concentrations of A-PAM, the principal coordinate analysis (PCoA) was performed (Fig. 6.9b).
The PCoA plot clearly shows that the pre-treatment control was distinctly separated from the
tailings samples with A-PAM addition at day 36, suggesting that the anaerobic degradation of A-
PAM had an impact on microbial community composition. Interestingly, the tailings samples with
different A-PAM concentrations at day 36 were grouped together, which indicated that the A-PAM
concentration did not significantly affect the microorganism compositions during the degradation
process and suggested that the microbial community is capable of adapting to and degrading A-

PAM at a range of concentrations. At the same time, previous results such as higher methane yield
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and higher degradation efficiency observed in lower concentration of A-PAM suggest that lower

concentrations may be favorable for anaerobic degradation and biogas production.
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anaerobic degradation of A-PAM.
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Considering different methane yields were obtained in tailings samples with different
concentrations of A-PAM, which might be due to enrichment of different microbes (Akbar et al.,
2020). By plotting the top 20 most abundant bacterial taxa (Fig 6.10a) and the composition of
methanogens and methylotrophs (Fig 6.10b) in the heatmaps, it can be observed that Proteobacteria,
Bacteroidetes, Chloroflexi, Firmicutes, Cloacimonetes, Synergistetes and Planctomycetes were
dominant phyla in tailings samples (Fig 6.10a). The result is not surprising as these phyla are
commonly found in anaerobic microbial communities and are known to play important roles in the
degradation of organics. Proteobacteria and Bacteroidetes have been found to be involved in the
hydrolysis and acidogenesis stages to produce acids like VFAs (Akbar et al., 2020; Dai et al., 2015).
Besides, Proteobacteria has been previously reported to be capable of utilizing PAM as a carbon
source (Hu et al., 2018). Chloroflexi and Firmicutes are commonly found in oilfields and have the
ability to degrade high-molecular-weight n-alkanes (Cheng et al., 2014; Liang et al., 2015; Zhao
et al., 2012). Both could play an important role in multiple stages in anaerobic degradation
including hydrolysis, acidogenesis, and acetogenesis (Akbar et al., 2020; St-Pierre and Wright,
2014). Synergistetes and Planctomycetes, which are also commonly detected in oilfield produced
water (Gieg et al., 2011; Zhao et al., 2015), have been reported to utilize PAM as a nitrogen source
via producing amidase with growth under anaerobic conditions (Grula et al., 1994; Hu et al., 2018).
Additionally, Synergistetes was also found to be capable of using small molecular organic
substrate as a source of energy (Mnif et al., 2013), and some members of Planctomycetes are
known as ammonium-oxidizing bacteria with the ability to oxidize NH4"-N under anaerobic
conditions (Strous et al., 1999). Compared to other phyla, Cloacimonetes is a lesser well-studied

phylum, but it has been reported as being comprised of acidification bacteria (Du et al., 2021) that
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are believed to participate in degradation of refractory organic substances under anaerobic

conditions (Westerholm et al., 2020).

Specifically, the dominant genera of Proteobacteria were Comamonas, Pseudomonas,
Smithella, and KCM-B-112. Their relative abundance showed different trends among different
samples after A-PAM degradation. Specifically, the relative abundance of Comamonas and
Pseudomonas in the pre-treatment control were 10.9% and 4.7%, respectively. After A-PAM
degradation, the relative abundance of Comamonas and Pseudomonas decreased in tailings
samples, with a more significant reduction observed in tailing samples with lower concentrations
of A-PAM (50 to 500 mg/kg TS). Comamonas and Pseudomonas genera are generally considered
to be heterotrophic bacteria that have been found to be involved in the degradation of organic
compounds such as aromatic hydrocarbons and PAHs (Liang et al., 2014; Ma et al., 2015). The
decrease in the relative abundance of Comamonas and Pseudomonas after A-PAM degradation
could be related to changes in the availability or composition of organic matter sources in the
tailings. The result also indicated that the abundance of Comamonas and Pseudomonas could be
influenced by the concentration of A-PAM in the tailings. In contrast, Smithella genus, with
relative abundance of 1.2% in the pre-treatment control, was enriched in tailing samples with lower
concentrations of A-PAM, with the maximum abundance value of 4.2% observed at 50 mg/kg TS
of A-PAM, while it remained at 1-1.2% at higher concentrations of A-PAM (1000 and 2000 mg/kg
TS). Smithella is commonly found in anaerobic environments, including anaerobic digestors and
oil reservoirs (Liu et al., 2020), and is known to have the ability to degrade hydrocarbon and
produce methane through syntrophic metabolism with other microorganisms such as
hydrogenotrophic methanogens (Liang et al., 2015; Usman et al., 2019). Given the enrichment of

Smithella and higher methane yield found in tailings samples with lower concentration of A-PAM,
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Smithella could be involved in the anaerobic degradation of A-PAM and contribute to methane
production in tailings. However, at higher concentrations of A-PAM, no significant increase was
found for the relative abundance of Smithella, indicating that higher A-PAM concentration may
have limited the growth or metabolic activity of Smithella. Interestingly, KCM-B-112, which is a
recently discovered genus from the family Acidithiobacillaceae and has been detected in oil-
contaminated soils (Hou et al., 2022), occupied a relative abundance of 1.5% in the pre-treament
control that dropped to 0-1% in tailings with lower concentrations of A-PAM (50 to 250 mg/kg
TS) but slightly increased to 1.6-1.8% in tailings with higher concentrations of A-PAM (500 to
2000 mg/kg TS). Given that the metabolic capabilities and ecological role of KCM-B-112 in
tailings under anaerobic conditions are unknown, it is possible that the changes in relative
abundance of KCM-B-112 could be related to changes in the available organic matter sources or
changes in environmental factors that could affect its growth or metabolic activity. Further
research about KCM-B-112 needs to be conducted. Unlike Proteobacteria, two dominant
Cloacimonetes bacteria, uncultured Candidatus Cloacimonas and W35, showed the similar trend
in their relative abundance, which increased from 0.6% to 2.7-4.9%, and from 0.5% to 0.9-1.8%
in tailings samples after A-PAM degradation. Both Candidatus Cloacimonas and W5 have been
demonstrated to have a syntrophic lifestyle and are capable of propionate oxidation (Dyksma and
Gallert, 2019). Therefore, these microorganisms may be functionally similar or may interact in
similar ways within the tailings microbial community. Among Bacteroidetes bacteria, the
abundance of DMERG64 and 9 other unclassified OTUs increased in most tailings samples after A-
PAM degradation. Recently, DMERG64 has been proposed as a potential syntrophic bacterium that
can transfer electron carrier H» to hydrogenotrophic methanogens during methanogenic

degradation of VFAs (Lee et al., 2019). The enrichment of DMERG64 after A-PAM degradation
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indicated that it plays a role in anaerobic degradation by affecting the methanogenesis stage.
Similarly, the relative abundance of XBB1006, the dominant Firmicutes genus, also increased from
2 to 2-3.1% after A-PAM degradation. Due to the limited information about XBB 1006, the increase
in abundance could be related to the anaerobic degradation of A-PAM or to the utilization of other
organic matter sources within tailings samples. It is interesting to notice that Pirellula, which is an
obligate aerobic Planctomycetes bacteria, was detected in inoculum from anaerobic digestor,
which could be associated with the influent substrate or indicate that a few aerobic areas existed
in the digestor (Zhang et al., 2015). After A-PAM degradation, only slight changes were observed
in the relative abundance of Pirellula in tailings samples, suggesting that these bacteria may not
be playing a significant role in the anaerobic degradation of A-PAM. In regard to the composition
of methylotrophs and methanogens in the archaea community (Fig. 6.10b), the dominant
methanogen in all samples was Methanosaeta (>50%), which is known to be an acetoclastic
methanogen and can directly convert acetate into methane (Liang et al., 2015). Compared with
that of the pre-treatment control, the relative abundance of hydrogenotrophic methanogens,
including Methanolinea and Methanospirillum, increased in tailing samples with 250 mg/kg TS of
A-PAM, while only Methanolinea increased in tailing samples with 1000 mg/kg TS of A-PAM,
which is possibly due to the increase of H, and CO; production during the degradation of A-PAM.
The Candidatus Dichloromethanomonas, a methylotrophic methanogen, only appeared in the
tailings sample with highest A-PAM concentration (2000 mg/kg TS), suggesting that some of the
organic compounds in that tailings may be methylated and can be utilized by this methanogen for
producing methane. It is interesting to find that one methylotroph, Methylotenera, that is capable
of utilizing one-carbon compounds, such as methane, as a carbon source (Chistoserdova, 2015),

was present in the control and in tailing samples with 100 and 1000 mg/kg TS of A-PAM after the
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anaerobic degradation of A-PAM. Further studies are needed to confirm the role of Methylotenera

in the anaerobic degradation of A-PAM in tailings.

Overall, based on the analysis of microbial community at different levels and the fact that
tailings samples with 50 mg/kg TS of A-PAM had the highest methane yield and degradation
efficiency of A-PAM, the key microorganisms for the anaerobic degradation of A-PAM in tailings
might include Smithella, Candidatus Cloacimonas, W5, XBB1006 and DMERG64. 1t is also worthy
to note that besides DMERG64, other unclassified Bacteroidetes could also play an important role
in the anaerobic degradation of A-PAM due to their relatively high abundance in tailings with A-

PAM.
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Figure 6.10 Heatmap illustrations of 20 top abundant bacterial genera (a) and composition of

methylotrophs and methanogens (c) in different samples.

6.3.6 Degradation mechanism of A-PAM

Based on above results, the metabolic mechanism for the biodegradation of A-PAM in
tailings under anaerobic condition was proposed (Fig. 6.11). A-PAM could be partially degraded
to polyacrylate and polyacrylic acid after hydrolysis of the amide group, which was catalyzed by
amidase (Zhao et al., 2019). Polyacrylate has been reported to be recalcitrant to further
biodegradation (Cossey et al., 2021) whereas polyacrylic acid could be bio-converted to acetyl-
CoA and pyruvic acid by dehydrogenase (Liu et al., 2019), which could be transformed to VFAs.
Besides, AMD was also found to be one of the products from the anaerobic degradation of A-
PAM, which could be later hydrolyzed into acrylic acid and converted to isobutyric acid detected
in this study. Finally, VFAs could be transformed to CH4 by methanogens. In addition, our results
also suggested that A-PAM could be consumed as a carbon and nitrogen source in tailings during
anaerobic degradation. Details of the metabolic pathway, including enzyme and the impact factors,

could be determined in future studies.
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Figure 6.11 Proposed metabolic pathway of A-PAM biodegradation in tailings under anaerobic

condition.

6.4 Conclusion

This work comprehensively investigated the anaerobic degradation of A-PAM in oil sands
tailings, focusing on the impact of A-PAM concentration on methane production, A-PAM
degradation, organic transformation, flocs structure and microbial community, which fills the
knowledge gap. Our results showed that lower concentrations of A-PAM (10 and 100 mg/kg TS)
resulted in higher methane yield compared to high concentrations of A-PAM (250 to 2000 mg/kg).
The low methane yield (<10 mL) observed in all tailings samples could be due to the low
consumption of acetic acid. Under anaerobic condition, A-PAM molecules could be degraded into
smaller molecules, including AMD and polyacrylic acid, which were utilized as carbon and
nitrogen sources for microbes. Different degradation efficiencies were observed with varying A-
PAM concentrations, implying that polymer concentration could affect the degradation process.
The results of Microtox® suggest that the degradation of A-PAM would not contribute the acute
toxicity, and no genotoxicity was found before and after A-PAM degradation. The floc analyses
suggest that A-PAM concentration could affect the degradation process by altering the flocs
structure and composition, which subsequently affected the microbial colonization and metabolic
activity. More importantly, Smithella, Candidatus Cloacimonas, W5, XBB1006 and DMERG64
were identified as the critical microorganisms involved in A-PAM degradation. These findings can

contribute to the effective management of A-PAM treated oil sands tailings.
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CHAPTER 7 GENERAL CONCLUSIONS AND RECOMMENDATIONS

7.1 Thesis overview

Canada has the world's third largest proven oil reserves, where bitumen is extracted through
either surface mining or in situ processes. During the extraction, upgrading and refining of oil
sands, large amounts of wastewater such, as produced water from in situ Steam Assisted Gravity
Drainage (SAGD) process and oil sands process water (OSPW) from surface mining, could be
generated. SAGD produced water is characterized as having a slightly basic pH, high temperature,
and high levels of colloidal impurities and total organic carbon (TOC). 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 the environment and minimizing operational costs. Different technologies have
been developed to remove colloidal impurities from SAGD produced water, among which
coagulation-flocculation (CF) with polymeric coagulants and flocculants is still considered as a
promising and essential technology due to their stability under high temperatures. To better
understand the impact of operational variables on the performance of softening-CF-sedimentation
by using poly-DADMAC as coagulant and cationic polyacrylamide (PAM) as coagulant under
high temperatures, numerical investigations based on response surface methodology (RSM) were
performed. Additionally, the temperature effect on the removal mechanism and interactions

between polymers and particles were also examined in Chapter 3.

In terms of OSPW, it is also a complex mixture containing toxic naphthenic acids (NAs)
and is currently stored mainly in tailings ponds without release into the environment. With
increasing water demands and more strict regulation, various treatment technologies, including

active and passive applications, have been explored. Given that the comprehensive understanding
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of systemic changes in physiochemical characteristics and the fate of dissolved organics during
attenuation of OSPW is important to guarantee the applicability of technologies and to provide a
reliable design in selecting and prioritizing treatment methods, Chapter 4 investigated the effect of
temperature, oxygen and ozone pre-treatment on NAs degradation and toxicity reduction. In
addition, quantitative statistical analyses were performed between NAs concentration and other
water quality parameters, and between storage conditions and removal efficiency of water quality
parameters. Finally, the key microorganisms for degrading dissolved organics in OSPW were

identified.

As the main technology to recover water and reduce the volume of tailings stored in ponds,
dewatering technologies rely heavily on the flocculation capacity of commercial polymer-based
flocculants such as anionic polyacrylamide (A-PAM). However, limited information is currently
available regarding the fate of A-PAM tailings. As oil sands tailings ponds are typically oxic closer
to the surface and anoxic in the deeper layers, both aerobic and anaerobic degradation of A-PAM
could occur. In Chapter 5, the degradation of A-PAM at oxic conditions in tailings was evaluated
under different temperatures and microbial conditions. Moreover, the impacts of PAM degradation
on the chemistry of tailings water and the possible degradation mechanism of PAM were also well
studied. On the other hand, the anaerobic degradation of A-PAM in tailings was investigated in
Chapter 6, focusing on the influence of A-PAM concentrations on methane production, organic
transformation, and changes of solid phase during the anaerobic degradation process. More
importantly, the responsible microbial community for A-PAM degradation and potential

degradation mechanism were also examined.

7.2 Conclusions

The main conclusions of this research based on different projects are listed as follows:
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Chapter 3: Thermal softening-coagulation-flocculation-sedimentation by using poly-

DADMAC as coagulant and cationic polyacrylamide as flocculant in SAGD produced water

e Overall, poly-DADMAC dose and mixing time with softeners only were the most important
factors for the treatment process.

e Increasing mixing time with softeners only could negate the negative effect of poly-DADMAC
dose on both turbidity and TSS removal.

e The interaction effect of coagulation speed and mixing time with softeners was opposite on the
removal of silica and particulate hardness, suggesting that their removal mechanisms were
different even though they can be removed simultaneously in softening.

e TOC were affected mainly by softening and coagulation whereas coagulation and flocculation
were important for TIC removal.

e The optimal conditions were 67 mg/L poly-DADMAC dose, 14 min mixing time with
softeners only, coagulation speed of 200 rpm, and 16 min flocculation time, where 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.

e Temperature increase could facilitate the removal of colloidal impurities via forming larger
and denser flocs and changing their surface composition.

e Adsorption and subsequent bridging are the main removal mechanisms in the coagulation-
flocculation process by using poly-DADMAC as the coagulant and cationic PAM as the

flocculant.

Chapter 4: Fate of dissolved organics in OSPW during long-term storage
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e The highest removal of dissolved organics was observed in ozonated OSPW stored at 20 °C
with the highest degradation of total NAs (72.6%), and highest reduction of COD (25.3%) and
DOC (19.8%).

e Biodegradation is likely to be the main reason for the decrease of NAs in OSPW and the
shortest half-lives of total (474.8 days) and classical NAs (266.6 days) were observed in
ozonated OSPW at 20 °C.

e Ozonation pre-treatment could enhance the removal of dissolved organics and promote the
toxicity reduction in passive treatments like constructed wetlands.

e COD can be used as a surrogate variable to estimate NAs concentrations. BE-SPME could be
used as a tool to predict acute toxicity during exposure to OSPW.

e Temperature is the most significant factor affecting OSPW quality. The limited changes of
various parameters in OSPW stored at 4 °C for 4 years supported the common practice of
storing OSPW in the cold room as an effective way to preserving the water quality in the
laboratory and confirmed that the composition and properties of OSPW could be stable in the
cold room for at least several years.

e Proteobacteria, Firmicutes, Bacteroidetes, Planctomycetes and Patescibacteria were the
dominant phyla in various OSPW samples. Bacillus and Fontimonas might be the key

microorganisms for degrading dissolved organics like NAs in OSPW.

Chapter 5: Aerobic degradation of A-PAM in oil sands tailings

e The maximum aerobic degradation removal efficiency of A-PAM was 41.0% in tailings water

with augmented microorganisms at 20 °C.
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e No acrylamide (AMD) monomer was released during the A-PAM degradation and residual
AMD could be completely removed within 4 weeks.

e Both temperature and microorganisms showed significant effects (p < 0.05) on the degradation
of A-PAM and residual AMD.

e Total organic carbon (TOC) and chemical oxygen demand (COD) could be used as indicators
of A-PAM degradation in tailings.

e No substantial effects on acute toxicity and no genotoxicity were found in A-PAM treated
tailings water.

e The potential mechanism of aerobic biodegradation of A-PAM in oil sands tailings is that with
help of extracellular amidases, ammonia and smaller molecules, like organic acids, could be

produced.

Chapter 6: Anaerobic degradation of A-PAM in oil sands tailings

e The addition of low concentrations of A-PAM (10 and 100 mg/kg TS) showed higher methane
yield than high concentrations of A-PAM (250 to 2000 mg/kg).

e A-PAM molecules could be partially degraded into smaller molecules, such as AMD and
polyacrylic acid, which could be utilized as both a carbon and nitrogen source for microbes.

e Addition of A-PAM could reduce the acute toxicity of tailings water by reducing NAs
concentration and the degradation of A-PAM would not contribute to the acute toxicity and
genotoxicity.

e A-PAM concentration could affect the degradation by altering the flocs structure and

composition, which subsequently affected the microbial colonization and metabolic activity.
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e Proteobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Cloacimonetes, Synergistetes and
Planctomycetes were dominant phyla in both the inoculum and tailings samples. Smithella,
Candidatus Cloacimonas, W5, XBB1006 and DMERG64 were identified as the critical
microorganisms involved in anaerobic degradation of A-PAM.

e The potential mechanism of anaerobic degradation of A-PAM was proposed: A-PAM could
be partially degraded to polyacrylate and polyacrylic acid after hydrolysis of the amide group
by amidase catalyzing. Polyacrylic acid could be bio-converted to acetyl-CoA and pyruvic acid
by dehydrogenase, which could be transformed to VFAs. AMD could be hydrolyzed into

acrylic acid and later converted to isobutyric acid.

7.3 Recommendations

Based on the results obtained from this research, recommendations for future works are

proposed here:

e All SAGD experiments in this research were carried out in synthetic water, in which humic
acid was used to represent the dissolved organics in SAGD produced water. Hence, real
SAGD produced water is suggested in the future work to compare the interactions between
particles with commercially available humic acid and organic fractions extracted from real
wastewater. Additionally, the influence of residual bitumen and recycling sludge on the
particles’ interactions and removal mechanism in real SAGD produced water is
recommended for further studies.

e The key microorganisms for degrading dissolved organics such as NAs in OSPW have
been found. It is advisable to further investigate the metabolic pathway of these

microorganisms in degrading dissolved organics under different conditions (temperature
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and DO). Furthermore, there was some enrichment of relatively new microorganisms, such
as TXI1A4-55 and AKYG587, indicating they also played a role in degrading organics.
Therefore, the impact of these microorganisms and their degradation pathways in OSPW
are required for future study.

In the study of aerobic degradation of A-PAM, microorganism augmentation showed
significant impact on A-PAM degradation. To further explore the key microorganisms and
the influence of A-PAM degradation on microorganism community, the analysis for
microorganism profiling is recommended before and after A-PAM degradation under oxic
conditions. In addition, besides temperature and microorganisms, other impact factors such
as the concentration of A-PAM are also worth further examination in the future.

The microbial community before and after A-PAM anaerobic degradation has been
investigated. The relative abundance of many unclassified or newly discovered
microorganisms, such as KCM-B-112, were found to be affected by A-PAM concentration
and degradation. Their metabolic capabilities and ecological role in tailings under
anaerobic conditions could be interesting to examine further. Moreover, degradation
experiments were kept at 37 °C. A wider range of temperatures is recommended to enhance
the knowledge about the temperature effect of anaerobic degradation of A-PAM in tailings.
Both aerobic and anaerobic degradation experiments of A-PAM were conducted under
controlled oxic or anoxic conditions in relatively small reactors. To fully understand the
A-PAM degradation in oil sands tailings ponds, larger columns are suggested as reactors

in future studies to mimic the environment of different depths in oil sands tailings.
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e Considering the diverse toxicities associated with NAs and AMD, it is recommended to
evaluate the toxicity of tailings water during A-PAM degradation using alternative toxicity

assays, such as cell line-based methods.
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Water bath Jar tester along with heaters and temperature Water blﬂih
(for preheating) controller (for settling)
{for softening-coagulation-flocculation)

Figure A.1 Setup for jar tests under high temperature.
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Table A.1 RSM experimental design along with observed and predicated responses values.

Run Poly Mixi Coagu Floccu Response

- ng lation  lation  Turbidity TSS removal %  Particulate Silica TOC TIC removal %  SVI

DA  time speed time removal % hardness removal % removal % mL/g

DM  with  (x3) (x4) removal %

AC softe Experi Predic Experi Predic Experi Predic Experi Predic Experi Predic Experi Predic Experi Predic

dose  ners mental ted mental ted mental ted mental  ted mental ted mental  ted mental  ted

(x1)  only

(x2)

1 0 0 0 2 9745 98.18 9742 9817 98.65 9899 2205 2124 7091 70.34 28.11 29.05 3749 3743
2 0 0 0 2 98.39 98.18 98.15 9817 9928 9899 2139 2124 70.01 7034 28.09 29.05 36.76 3743
3 1 1 1 1 98.87 9870 9852 9877 9945 9929 2813 2941 7038 72.83  30.61 30.85 3933 36.30
4 -1 1 1 1 99.55 99.17 99.15 9929 99.16 9940 2577 2555 6566 65.03 30.18 30.54 3955 39.12
5 1 -1 1 1 96.6 96.81 96.15 9540 9884 9850 14.8 1593 7793 7746 3283 31.18 3526  33.76
6 -1 -1 1 1 99.02 9932 9852 9826 9842 98.61 19.68 1895 70.73 69.66 3144  30.87 3036 32.26
7 1 1 -1 1 98.33 9795 9815 9723 9929 99.53  26.1 2562 7587 7596 31.74 3281 37.61 40.61
8 -1 1 -1 1 98.78 9841 98.15 9775 9953 99.64 17.07 1660 69.12 68.16 25.61 24.03 4354 4343
9 1 -1 -1 1 9438 94.63 9326 9387 9745 9721 17.67 1746 7503  73.75 3296  33.14 39.1 38.07
10 -1 -1 -1 1 9752 97.14 97.05 9672 9781 97.32 1503 1532 6582 6595 2489 2436 3821 36.57
11 0 0 2 0 9942  99.84 99.63 99.49 99.83 99.57 2312 2273 72.89 73.08 29.17 29.07 3294 346l
12 0 0 2 0 99.44 9984 9952 9949 9932 99.57 2287 2273 7292 73.08 2894 29.07 3377 34.61
13 0 2 0 0 98.7 98.76 9842 98.11 9887 98.78 257 2593 7111 7158 2922 2847 40.83  38.65
14 0 2 0 0 98.54 9876 98.15 9811 99.19 98.78 2538 2593 7183 71.58 27.54 2847 3745 38.65
15 2 0 0 0 9543  96.06 93.73 9422 99.79 9947 1929 1989 7568 7587 34.6 33,53 3493  35.05
16 2 0 0 0 96.51 96.06 94.04 9422 99.77 9947 19.74 1989 7575  75.87 3298 3353 3354 35.05
17 0 0 0 0 99.17 9837 96.68 9591 9896 99.58 16.03 16.89 71 72.79 30.86 3038 3924  38.83
18 0 0 0 0 98.99 9837 9631 9591 99.87 99.58 1544 1689 7174 7279  29.51 30.38  39.58  38.83
19 0 0 0 0 98.51 9837 96.1 9591 9947 9958 1749 16.89 7048 7279 3055 3038 38.75  38.83
20 0 0 0 0 97.89 9837 95 9591 9926 9958 1797 16.89 7556 7279 3128 3038 36.88  38.83
21 2 0 0 0 98.89 99.02 98.68 97.60 99.57 99.69 1555 13.89 59.15 6027 29.76 3044 42.65 4261
22 2 0 0 0 99.22  99.02 97.15 97.60 99.66 99.69 124 13.89 595 60.27 295 3044 4327 4261
23 0 2 0 0 96.2 95.60 92.83 9371 96.07 9653 1643 1833 7452 7400 284 29.13  26.8 29.25
24 0 2 0 0 95.16 95.60 9373 9371 96.18 96.53 19.82 1833 7259 7400 2894  29.13 2896  29.25
25 0 0 -2 0 9727 9690 9588 96.42 9634 96.58  21.1 21.62 7237 7250 31.76  31.69 36.05 36.15
26 0 0 2 0 96.35 9690 96.73 9642 96.52 96.58 2029 21.62 7193 7250 3233 31.69 3698  36.15
27 1 1 1 -1 98.73 9890 9741 98.07 98.7 99.37 2538 22.68 7438 7242 2505 2559 3287 3224
28 -1 1 1 -1 99.59 99.36 9831 9859 99.75 9948 1742 1882 6577 64.62 3238 3129 40.85 4130
29 1 -1 1 -1 97.67 97.00 95.31 94.70 99.78 99.44 16.65 16.36 76.92 77.05 2547 25.92 31.12 29.70
30 -1 -1 1 -1 99.54 99.51 97.05 97.56 99.88 99.55 19.38 19.38 70.24 69.25 32.86 31.62 36.56 34.44
31 1 1 -1 -1 98.19 98.14 96.68 96.53 97.7 97.68 25.22 25.21 75.81 75.55 35.47 34.72 29.86 29.47
32 -1 1 -1 -1 97.81 98.60 95.94 97.05 97.94 97.79 17.82 16.19 68.72 67.75 32.19 31.93 37.2 38.53
33 1 -1 -1 -1 9461 94.83 9373 93.16 9591 9621 2642 2421 7445 7334 3521 35.05  27.69 2693

299



34 -1 -1 -1 -1 96.98 97.33 95.94 96.02 97.03 9632 222 22.07 66.04 65.54  31.68 32.26 323 31.67
35 0 0 0 -2 98.14 98.56 97.2 96.77 98.08 98.07 20.06 2126 68.51 69.52  30.92 31.71 27.38 28.47
36 0 0 0 -2 99.19 98.56 97.05 96.77 97.81 98.07 2034 2126 68.04 69.52  30.86 31.71 28.35 28.47
Table A.2 ANOVA results for the RSM models’ terms.
Turbidit Particulate -
romowal TSS hardos Silica TOC TIC SVI
0 removal (%) o removal (%) removal (%) removal (%) (mL/g)
Effect Term (A’) removal (A))
Mean p- Mean Mean Mean Mean  p- Mean p- Mean p-
squar p-value p-value p-value
. value square square square square  value square  value square  value
x;-Poly- < < < 4855 < < 114.8 =
]d)(;':]e)MAC 17.63 (1).000 22.82 0.0001 0.09 0.43 72.48 0.0001 5 0.0001 19.14 0.0001 7 (1).000
Xp-mixing < <
time with < < 1152 < 176.9
softeners 19.99 0.000 38.98 0.0001 10.15 0.0001 9 0.0001 11.72  0.01 0.87 0.32 6 0.000
. only 1 1
linear
X3- . N < <
rclosagul(zlitlo 17.18  0.000 18.91 0.0001 17.85 0.0001 2.46 0.26 0.66 0.53 13.64  0.0004 4.69 0.19
pee 1
X4- <
flocculatio  0.29 0.28 3.93 0.003 1.68 0.003 0.000 0.98 1.33 0.38 14.06  0.0004 159.9 0.000
n time 8 8 1
0.000 <
XiX2 4.19 3 5.43 0.0006 - - 47.27 0.0001 - - - - 18.51 0.01
<
XiXs - - - - - - 26.47  0.0009 - - 71.87 0.0001 - -
< 0.000
Interac X1X4 - - - - - - - - - - 35.79 0.0001 39.09 6
tion 2.04 0.008 2.34 0.0005 28.36  0.0007 46.89 =
% : : - - : : : : : 0.0001 ) ) ) )
<
XoXyq - - - - 0.73 0.04 51.48 0.0001 - - - - - -
<0.000 < 0.000
X3X4 - - - - 3.74 | 40.13  0.0001 - - 51.30 0.0001 50.09 5
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Figure A.2 XPS spectra of survey scan for raw particles and flocs after optimal treatment under

20 °C and 80 °C.
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Figure A.3 Biodegradation kinetics evaluation for total and classical NAs in aged OSPW.
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Appendix B

Table B .1 Percent similarity of cultivable bacterial strains from oil sands tailings and their

characterization.
Strain name Percent identity Characteristics Reference
Pseudomonas Facultative anaerobic, gram-
chloritidismutans 99.76% negative, chlorate-reducing (Mehboob et al., 2009)
strain AW-1 bacterium
Bosea lathyri 99.26% Aerobe, mesophilic, gram- (De Meyer and Willems,
strain R-46060 e negative bacterium 2012)
Sphingopyxis o
. ST Aerobe, mesophilic, gram-
witflariensis 99.36% AESOPATNE, & (Kémpfer et al., 2002)
: negative bacterium
strain W-50
Pseudomonas Aerobe, mesophilic, gram
vancouverensis 94.23% e ’ative bIZlC'[eI'i,ui’l (Mohn et al., 1999)
strain DhA-51 &
Pseudomonas Aerobe, mesophilic, gram
knackmussii strain 96.98% > MESOPAITE, & (Stolz et al., 2007)
negative bacterium
B13
a) b)
100 100 o
a 5
9 9 |
With light
80 © Without light 80
o\° 70 °\= 70 |
g 5
€ 50 f E 50|
= =
2 40 z 40 |
g S & | &
& 30 b 5 4 I & 30
20 20
&
10 10
0 ‘ ‘ : : 0 ‘ :
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Figure B.1 Removal efficiency of A-PAM (a) and residual AMD (b) in tailings water under

different light conditions.
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Figure B.2 Calibration curve for the concentration of A-PAM.
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Figure B.3 Calibration curve for the concentration of AMD.

Table B.2 Assignment of the Fourier transform infrared (FTIR) characterization of bands of the

A-PAM.
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Peak position

(cm™!) Assignment Reference

3340 Primary amide NH»> asymmetric (Godwin Uranta et al., 2018; Xiong et al.,
stretching 2018)

3198 Primary amide NH» symmetric (Godwin Uranta et al., 2018; Xiong et al.,
stretching 2018)

2933 -CHj3 or -CHa»- stretching (Akbari et al., 2017; Huang et al., 2019)

1657 Primary amide C=0 stretching (Akbari et al., 2017; Xiong et al., 2018)

1604 Secondary amide N-H bending (Zhou et al., 2013)

1564 C=0 asym stretching of -COO" (Godwin Uranta e;glié)z‘”& Xiong et al.,

1417 C-N stretching of amide (Wang et al., 2019)

1401 -COO' sysmetric stretching (Godwin Uranta et al., 2018)

1323 C-O stretching (Godwin Uranta et al., 2018)

1126 C-O-C stretching (Lin et al., 2007)

0.3
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=
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t

oncentr:
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Figure B.4 The concentration of NH4"-N, NO, -N, NO3™-N in raw tailings water without A-

PAM.

Figure B.5 Linear relationship between the removal efficiency of A-PAM with the removal

efficiency of TOC (a & b) and COD (c & d) in tailings water under different temperature and
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Figure B.6 Linear relationship between the removal efficiency of A-PAM with the removal

efficiency of TOC (a & b) and COD (c & d) in pure polymer solution under different

temperature and microorganism conditions.

Table B.3 The mean value of COD, TOC, zeta potential and pH of tailings water with different

A-PAM concentrations before and after anaerobic degradation of A-PAM.

COD (mg/L) TOC (mg/L) Zeta potential (mV) pH
Sample
Day 0 Day 36 Day 0 Day 36 Day 0 Day 36 Day 0 Day 36

Control 560.5 479.8 173.7 141.4 -38.7 -41.3 8.5 8.8
50 mg/kg TS 618.3 580.90 191.0 150.0 -40.9 -38.5 8.6 8.8
100 mg/kg TS 677.5 645.8 208.2 166.9 -43.3 -40.9 8.6 8.7
250 mg/kg TS 776.7 745.8 211.8 173.2 -62.2 -45.6 8.7 8.9
500 mg/kg TS 853.5 836.7 246.4 202.4 -63.1 -52.0 8.7 8.8
1000 mg/kg TS 1100.0 1083.0 266.5 227.1 -65.1 -59.9 8.8 9.0
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2000 mg/kg TS

1880.8

1874.0

268.0

235.8

-75.3

-71.5

8.8

9.0
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Table B.4 Chemical composition of flocs in control and tailings with A-PAM addition before and after anaerobic degradation of A-

PAM by EDS analysis.

Elements (wt%)

Sample Na Mg Al Si K Fe
Day 0 Day 36 Day 0 Day 36 Day 0 Day 36 Day 0 Day 36 Day 0 Day 36 Day 0 Day 36 Day 0 Day 36 Day 0 Day 36
Contol 117 144 507 498 0.1 03 02 02 43 39 309 300 12 07 1 07
Omgke q19 165 461 489 03 0.4 02 03 37 78 364 227 06 18 08 17
OmEkE 121 135 461 485 03 03 0.1 02 42 45 354 306 08 09 10 1.0
25°;nsg/kg 126 151 463  48.1 02 0.1 0.1 01 24 1.8 378 341 02 03 04 04
SOO;HSg/kg 129 162 472 459 02 1.9 0.1 04 16 8.5 372 233 03 17 06 20
1000 13.0 151 479 478 02 0.4 0.1 03 20 8.1 361  25.1 03 17 04 15
mg/kg TS
2000 132 17.8 482 485 05 02 02 02 24 6.1 325 261 1.1 07 16 09
mg/kg TS
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