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ABSTRACT

Bitumen is extractecekither using surface mining or in situ processegh asSteam
Assisted Gravity Drainage (SAGDhatcould produce large quantities of oil sands process water
(OSPW) and SAGD produced water. SAGD produced wiategenerally characterized lgy
slightly basic pH (¥8), high temperature (800 °C), andhigh levels ofcolloidal impurities, total
dissolved solids (TDS) and total organic carbon (TOC). O$&ls0 a highly complex mixture
containing sands, silts, heavy metals, and recalcitrant issganch 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 typesst#waterspolymerbased
coagulants and flocculants arelely 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 polybased coagulants/flocculants @il and gas

wastavater were investigated.

Firstly, response surface methodology (RSM) was employed to optimize the thermal
softeningcoagulatiorflocculationsedimentation process with softeners, HOADMAC as the
coagulant, and cationic polyacrylamide (PAM}lasflocculant, and assess the interaction effects
of operational variables for sludge volume index (SVI) and the removal efficiency of turbidity
total suspended solidgSS), particulate hardness, silica, total organic carbon (TOC) and total
inorganic carbon (TIC) in synthetic SAGD produced wdely-DADMAC dose and mixing time
with softeners only werdemonstrated to tée most influential factors for the treatmenbcess.
Temperaturevas found tofacilitate the removal of colloidal impuritidsy forming larger and

denser flocs and changing their surface composititmme importantlyadsorption and subsequent



bridging are the main interaction mechanisms betwées polymers and particles in the

coagulationflocculation process.

Thelongtermfate of dissolved organics in OSRWder various controlled conditions was
examined to enhance the understanding of the physiochemical characteristics of OSPW during
long-term storageThe highest removal of dissolved organics was observed in ozonated OSPW
stored at 20 °C with the highestduction ofCOD, DOC, andtotal NAs Biodegradation was
believed to be the main reason for dissolved orgaaiosval Additionally,temperature has been
demonstrated to be the most important impact factor for the characteristics of O hhited
changps 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 microorganismanalysis indicated thaBacillus and Fontimonas might be the key

microorganisrs for degrading dissolved organics like NAs in OSPW.

Underoxic conditiors, the degradation of anionic polyacrylamide-RAM) in different
temperature and microorganism conditions in oil sands tailings was studiad. maximum
removal efficiency of APAM without releasingacrylamide (AMD) monomewas observedh
tailings water with augmented microorganssat 20 °C.No substantiakffect on acute toxicity
and no genotoxicity were fourfcom aerobic degradation of-BRAM in tailings. It wasrevealed
that in the oil sands tailingsoxic zone macromolecular APAM could partiallydegrae into

ammonia and smaller molecu)éke organic acidswith help of extracellular amidases

Finally, anaerobic APAM degradationn tailings was studied at variousPAM dosages.
Highermethane yieldvas observed in the tailings samplhagh lower concentrations of #AM

(10 and 100 mg/kg TShanin higher concentrations of-RAM (250 to 2000 mg/kg)A-PAM



molecules could be partip degraded into smaller moleculesich asAMD and polyacrylic acigd

which couldbe utilized as both carbon and nitrogen source to microbes. No contribution to the
acute toxicity and genotoxicity asfound from anaerobic degradation offPAM. The APAM
concentration could affect the degradation via affecting the flocs structure and composition, which
subsequentlgffectedthe microbial colonization and metabolic activitye analysis of microbial
community suggested th&mithella Candidatus_CloacimonadV5 XBB1006 and DMER64

were critical microorganisms involved in anaerobic degradation -6fAM. 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

1.1.1Bitumen extraction from oil sands

As the thirdlargest 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 Z0Alberta Energy Regulato2020) Depending on
how deep the oil sands are deposited, bitumen is extracted either using surface mining or in situ
processegNimana et al., 2015)For the shallow mines, crude bitumen is extracted via surface
mining, which accounts for 46% of the totextraction(Sapkota et al., 2018Burface mining
involves removing the oil sands with shovels and trucks and separating the bitumen by using the

Clark caustic hot water proced®ergerson et al., 2012)

However,@ pr oxi mat el y 8 0 % depbsitsfate boe de¢pdodes 200m)for s a n d
surface mining and requita situ methodgRui et al., 2018)Steam Assisted Gravity Drainage
(SAGD) and Cyclic Steam Stimulation (CSS) are two primassitun thermal recovery processes
used for the bitumemxtracton (Qin et al., 2017)CSSis a batchprocessanda singlewell is
required for both steam injection and oil production in an alternating batch(Radpour et al.,
2021) In the SAGD process, the bitumesextracted through three typical processes wiffair
of parallel horizontal wellg(i) hot steam is injected from the upper well to form a steam chamber
so that the bitumen can be heated up and its viscosity can be reduced,; (ii) the heated bitumen with
reduced viscosity flows with the steam condemsaid reservoir connate water, and drains almost

completely by gravity into the lower well; and (iii) the mixture of bitumen, clay, and water is



pumped to the surface and the waigremulsion is separated aplant(Ku et al., 2012; Manfre

Jaimes et a12019)

1.1.2Wastewater from bitumen extraction

1.12.1 Oil sands process water

During the Clark caustic hot water extraction process in surface mining, abot.5.21
barrels of water are required for per barrel of bitumen extraction, where a large amount of oil sands
process water (OSPW) is generafBiRC, 2022) After the bitumen xtraction, OSPW is stored
in tailings ponds for watesolid separation. More than 80% of the process water is recovered from
tailings ponds and recycled back for the bitumen extraction prgsddsS, 2022) OSPW is a
complex mixture consisting of suspendaalids, salts, inorganic compounds, trace metals, and
organic compounds including naphthenic acids (NAs), polycyclic aromatic hydrocarbons (PAHS),
phenols, and BTEX (benzene, toluene, ethyl benzene, and xyigmnes) al., 2017) As the
majority of totalorganics (~50%) and a major driver of toxicity of OSPW, NAs arel@iived
mixtures of alkylsubstituted saturated cyclic and rgytlic carboxylic acids with the general
formula GH2n+zOx, Where n refers to the carbon number, Z (zero or a negative @egern)

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

number ofoxygen atoms in the structure (x = 2 is classical NAs3ang 6 is oxidized NAS)

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

As OSPW willultimately need to be incorporated inaweclaimed landscapsuch as end
pit lakes andmay introduceNAs to groundwater, understanding and mitigating NAs toxicity is
essential for regulatory decisionaking(Frank et al., 2014; Marentette et al., 20X35PW has

been reported to cause acute,-sbitpnic and chronic toxicity, to living organisms including fish



(Hughes et al., 2017)mammals(Fu et al., 2017)invertebrategBartlett et al., 2017)and
microorganisms (Miles et al., 2019)In addition, theacute 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 OSP\(Holowenko et al., 2002; Li et al., 2017h an aging OSPW,
indigenous microbial communities se¢o preferentially degrade NAs with lower carbon numbers
(< 22), resulting in a larger proportion of NAs with higher carbon fra¢Baryukova et al., 2007,
Quagraine et al., 2005Previous studies have shown that NAs with higher molecular weight are
less toxic toA. fischeri probably due to the presence of hi@@OOH content which decreased
hydrophobicity(Frank et al., 2009a; Frank et al., 2008; Frank et al., 20G8yever, there are
contradicting results on toxicity of fresh and aged OSPW founduities about other living
organisms. For examplBartlett et al. (2017have reported that NAs extracted from fresh OSPW
were less toxic to invertebrates than those from aged Q®BWe other studies observed reduced
toxicity occurring with degradation rpcesses withaging OSPW (Anderson et al., 2012;
Holowenko et al., 2002; Wiseman et al., 20I3)e different results among various studies could
be due to many reasons including different i®I8PW samples (source, aging periadd
composition), testedpecies, exposure time, and extraction methods for NAs. Hence, in order to
better understand the aging effect ond\fegradation 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,
includingactiveandpassiveapplicationgLillico et al., 2023; Toor et al., 2013; Xue et al., 2018)
Successful reclamation of OSPW will require a reduction of NAs coratemtrand the removal
of toxic charactastics Among different technologies, natural or enhanced bioremediation in lakes

or wetlands will likely play a critical role in meeting these requiremént®r et al., 2013)



Previous studies have shown that a hanof microorganisms have the ability to metabolize NAs,
includingAcinetobacter anitratugrAlcaligenes faecaliandPseudomonas putid&lakley, 1974;
Blakley and Papish, 1982; Johnson et al., 2011; Rho and Evans, 1t9i85pelieved thab-
oxidation is the dominant degradation pathway, hkbxidation and aromatization may also
contribute(Han et al., 2008; Quinlan and Tam, 2Q1=)rthermore, researchers have attempted to
utilize indigenous microorganismo degrade NAs under aerobic and anaerobitditions.
Mahdavi et al. (2015¢valuated an indigenous aerobic algaeteria consortium faemoval of

NAs and toxicity reduction. Their results demonstrated thatindigenous algabacteria
consortium enhanced detoxification process. Unlike aerobdiest, poor removal of NAs were
found in anaerobic studies. For exampleslan andSamalEl-Din (2021)found toxicity wasonly
slightly reduced and 20% of classical NAs were remowdtereaghe 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.

1.12.2 SAGD produced water

During the SAGD process, injected steam is recovered as produced water on the surface.
Due to the intensive use of water in the SAGD process, recycling the produced water to regenerate
steam is essential for both the protection of environment andnizing operational cost¥Vith
the purpose of recycling SAGD produced water as boiler feed water (BFW) for steam generation,
further treatment is required after removing bitunjeatema et al., 2015Yhe deoiled SAGD
produced water is generally charaed by high levels of silica (15800 mg/L as Sig), calcium
hardness @50 mg/L as CaC¢), magnesium hardness-{5 mg/L as CaCeg), total dissolved

solids (TDS) (1002500 mg/L) and total organic carbon (TOC) (€8I mg/L as C{Sadrzadeh



et al., 2018Zhang, K. et al., 2021)he typical conditions of SAGD produced water are slightly

basic pH (¥8) and high temperature (8D °C)(Sadrzadeh et al., 2015)

In the conventional softening treatment process, theildd wateris introduced to the
warm lime softening (WLS)/hot lime softening (HLS) treatment unit with addition of hydrated
lime (Ca(OH)), magnesium oxide (MgO), soda ash {81@s), coagulant and flocculant under
high temperature and high pressuredduce the pollutant contents (turbidity,cal 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 exchangdiknnings and Shdi, 2007) Therefore,various technologies
including membrane filtrationKarami et al., 202Q)adsorption(Veksha et al., 2016)and
coagulatiorflocculation (Mohammadtabar et al., 2019)ave been developed enhane the
removal of organics and silica in produced watémong these technologiespagulation
flocculation, although regarded as a conventional technique, is still considered as a promising and
essential technology for separating colloidal impurities frohfGB produced wate(Li et al.,

2022)

1.1.3Polymer application

In order to recover water and reduce the amoun&ibhgs stored in ponddarge scale
dewatering technologies have been appljg@doy and Soares, 2015Lurrently, most of
dewateringtechnologies rely heavily on the flocculation capacity of commercial pohpased
flocculants, among which anionic polyacrylamide RAM) with molecular weight averages of
several milliondaltonss one of the most common flocculafigang et al., 2016¥5iven the major
particles in tailings ponds are sangsains and clay fines, which normally have negatsegface

charge in a neutral or alkaline solution, it is believed that bridging is the main flocculation
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mechanism for APAM (Lin et al., 2017; Ovetten and Xiao, 2002As a necessary step of bridging
flocculation, adsorption of #AAM onto the negative particle surface is mainly due to the
formation of salt linkage (covalent bonding),which the presence afsmall amount of divalent
cations (C&" and Mg?*) could promote the adsorption via overcoming the electrical repulsion and
linking two negatively charged surfac@éedoy and Soares, 2015; Williams, 200Bgsides salt
linkage, there are other possible adsorption mechanisms including hydrogemlmetd/een 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 patrticles, creating
attractive regions for an extra opportunity foilPAM adsorption(Long et al., 2006; Samoshina et

al., 2003)

For treating SAGD produced water in WLS process, polymased coagulants and
flocculants are applied to destabilize the suspended particles to promote their aggregation and
settling. Cationic ephlorohydrirdimethylamine (epDMA) and poly
diallyldimethylammonium chloride (PolPADMAC) are widely used as coagulants and
cationic/anionic polyacrylamide as floccular{ts et al., 2022; Zeng et al., 2016As most
colloidal impurities in SAGD producewater are negatively charged, electrostatic patch and
bridging have been suggested as two main mechanisms of coagtlat@iation by polymers
(Bratby, 2006; Ji et al., 2013Although previous studies have demonstrated that the performance
of polymerbased 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¢ effect of muiple physiochemical and
operational parameters in complex SAGD produced water remainskiitilen. Therefore, a

guantitative understanding of the impact of operations (mixing, dose, temperature) and solution



chemistry on the performance of coagulatflmtculation by polymers is of great significance for

SAGD produced water treatment processes.

1.1.4 Plymer degradation

With thelarge application of PAM in tailings treatment, there is a rising concern about the
products from PAM degradation and residuayienide AMD ), which is the monomer contained
in the PAMbased flocculants and has been reported as a neurotoxin to hiinaabahn et al.,
2010; McCollister et al., 1964Although commercial PAM typically has a very high molecular
weight, it can degrade through various mechanisms such as mechanical, photolytic, chemical, and
biodegradatiofiGuezennec et al., 2015; Xiong et al., 2018ak following section would present

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

1.14.1 Mechanical degradation

As one of the most likely degradations in oil and gas industry, mechanical degradation
PAM occurs due tanany processes such as stirring, pumpingcting, and moving via porous
media(Brakstad and Rosenkilde, 2016; Guezennec et al., 2BtEghanical degradation has been
reported to be affected by many factors such as the salinity of solution and polymer viscosity
(Karami et al., 2018; Mansour dt,&2014) Irreversible changes of PAM have been observed from
mechanical degradation, including viscosity reductimmd scissioand formation of free radicals
(Avadiar et al., 2013; Mansour et al., 2014; Nguyen and Boger, 1@8yever, there are no

studiesthatdetected AMD during the mechanical degradation of PAM.

1.14.2 Chemical degradation
Although exploring the pathway fochemical degradation is complex due to infinite
number of reaction conditiortkat PAM can be exposed to, the reactivity of the amide group in

PAM is the main focus. PAM can undergo hydrolysis under both acidic and basic conditions.
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Given that most wastewater produced from oil and gas industeyalkaline solutions, we only
focused on the hydrolysis of PAM under basic conditions. As showfigl.], the reaction
involved in alkaline hydrolysis starting from the nucleophilic addition of hydroxide to the amide
carbonyl, followed by the production of acrylic acid residyeliminating the amide ion-NH>).

The amide ion subsequently removes a proton from the acrylic acid residue to produce more stable
ammonia and carboxylate angin addition, théottom portion ofig 1.1shows the equivalency
between the carboxylic anions and theerall ammonia concentration and the concentration of
ammonium ion on which the determination of the hydrolysis degree is deter(@imafleld et al.,

2002; llavsky et al., 1984)

O
‘0 8]
T HO——C——NH; HO—C
{ CHz Cl } + OH —_—— { C-Hz CH } --—_- i CHz CH i + NHZ
O O
u L
HO=—C |
f—CH; {|:|-| f—ek NH, - f—CHy CH—Y + NH,
0
O
| |
HO—C C}—T
i CH, (|:H i + I\H!_ = i CHjy CH i + NH4_

Figure 1.1 Hydrolysis of PAM under alkaline conditions.

In addition tohydrolysis, the chemical degradation through the action of free radicals has
also beenvell studiedCarman and Cawiezel, 2007; Jouenne et al., 2017; Lu et al., 2012; Ramsden

and McKay, 1986a; Xing 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 withasingelslD.
Generally, as demonstratedin. 11-1.4, hydroxyl radicals directly attadke polymer backbone
through hydrogen abstraction, generating polymer radiédsahich can react with dissolved
oxygen to form polymer peroxyl radicals (). After a bimolecular reaction between two polymer
peroxyl radicals, chain breakage will occur and polymer fragmé®an@'0) will be formed

(Grollmann and Schnabel, 1982)
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Numerous studies have highlighted the crucial roldisgolved oxygen and Fein the chemical
degradation of PAMinder specific environmental conditions like temperature an@ptienne et

al., 2017; Ramsden and McKay, 1986keright and Skjevrak, 2013Vhen the dissolved oxygen

is absent, the viscosity of PAM is stable at room temperatirereas with interactions between
oxygen and dissolved Fe hydroxyl radicals can be generated by autoxidation under acidic

conditions.

1.14.3 Photolytic degradation

Similar to chemical degradatiophotolytic degradation is also based on reactions of free
radicals generated from light exposy@aulfield et al., 2002) The irreversible changes of
photolytic degradation include bosdission and formation of lower molecular weight of polymer

fragmentsDifferent studies have reached different conclusions when it contee fmoduction



of AMD during photedegradation of PAM. For examplé/oodrow et al. (2008pbserved the
release oAMD from the acidic/neutral solution of-RAM and Fé* exposed to a UV irradiation.
However,Holliman et al. (2005¥id not detect AMD in the samples of fielcbnditioned PAM
exposedio 365nm UV radiation in a daily lighblack cycle for 5 months. There®y further
experiments on photolytic degradation of PAM in environmental conditiotise presence of

mineral particles are needed.

1.14.4 Biological degradation

Sincemicroorganisrs can utilize the amide group of PAM as a nitrogen and/or carbon
source, biodegradation of PAM can ocautboth aerobic and anaerobic conditidhsu et al.,
2012; Wen et al., 2010; Zhao et al., 201Biven the high molecular weight of PAM, extracellular
amidases are necessary for PAM to ghssughbiological membraneprior to theirutilization
(Guezennec et al., 2015jarious microorganisms, suchsterobacter aerogeneRhodococcus
sp., Helicobacter pylori, Bacillus sp., Acinetobacter sp., Azomapas Pseudomonas sand
Chlostridium sp.have been reported to express PAMuced amidaseCaulfield et al., 2002;
Joshi and Abed, 2017; Ma et al., 200B)was reported that the aerobic degradation process is
relatively faster thatheanaerobic dgradation procegZhao et al., 2016)Furthermore, no AMD
releaséhas beembservedhusfar in aerobic culture mediahile generated AMD from anaerobic
biodegradation of PAM has bedncumentedh studieqLiu et al., 2012; Wang et al., 2018; Zhao
et al, 2016) Although a large amount of studies foedsn biodegradation of PAM, the reaction
pathway under both aerobic and anaerobic conditions for the microbial degradation is still not
clearly identified. Hence, it is wont¥hile to further investigate tnmechanism and impact factors

for thebiodegradation of PAM in wastewater from oil and gas industry.
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1.2 Researchsopeand Objectives

The overall objective of this research wasitwestigate the fate of polymdiased
coagulants/flocculants in different wastewater from oil and gas industry and to provide
fundamental information for their future application on wastewater treatie@achieve the aim

of the project, four subbjectives were developed aadelisted below:

Specific objectivel: 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 penficenof softening
coagulatiorflocculation by using poRBDADMAC as coagulant and cationic PAM as
flocculant under high temperature (80)

(2) To investigate the interaction effects among operational variables

(3) To optimize the operational conditions

(4) To study he removal mechanisms under different temperatures

Specific objective2: Long-term fateof dissolved organics i@SPWunder various controlled

conditions

(1) To evaluate the effect @bntrolledconditions (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
parametersn OSPW

(3) To identify key microorganissinvolvedin NAs degradation

Specific objective 3 Anionic polyacrylamide (APAM) degradation in oil sands tailings under

aerobic conditios
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(1) To compare the degradation ofAM under different temperatwseand microbial
conditions

(2) To identify the main products &-PAM degradation

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

(4) To explore the potential pathway forPPAM degradation under aerobic conditson

Specific objective 4 Biodegradation of anionic polyacrylamide in oil sandsings under

anaerobic conditiah

(1) Toinvestigate the effect of RAM dosageon methane productigmrganic
transformatiorand solid phase during anaerobic degradation

(2) To determine the responsible microbial community for biodegradatiorR/AM

(3) To proposehe potential biodegradation mechanisms é®?AM under anaerobic

conditiors

1.3 Research significance and hypotheses

Both surface mining and in situ processes for bitumen extraction gendsiage amount
of wastewater. In order to treat these wastewptdymerbased coagulants/flocculants are widely
applied in different technologies. However, knowledgeutthe characteristics of wastewater and
the stability of polymers during lorAgrm storage, as well as interactions between polymers and
impurities n wastewateis still limited. An enhanced understanding of these fundamentals could
promote the treatment efficiency of wastewater and eventbeallytilized within the framework
of meaningful guidancéor wastewater management in oil and gas indudtngrefore, in this

research, the natural attenuation of OSPW and the fate of pehased coagulants/flocculants in
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oil sands tailings and SAGD produced water were expldieeifollowing hypothesesvere tested

in this research

(1) The effects of temperature @erformance of softeningpagulationflocculation
Hypothesis:Higher temperature will promote the performance of softenoagulation
flocculation via affecting the removal mechanisms.

(2) The important operational variables for the performancesafteningcoagulation
flocculation
Hypothesis:Comparedo other operational variables, coagulant dose and softening time
with softeners only will be the most important factors.

(3) The effects of temperature time attenuation of OSPWuring longterm storage
Hypothesis:Reduction of NAs concentration, TOC, COD, and toxicity will be faster in
aged OSPW stored at 2G than in aged OSPW at°C.

(4) Important impacftactors forthe attenuation of OSPWuring longterm storage
HypothesisTemperaturend oxygen wllbe crucialfactors thatffect the characteristics
of OSPW during natural attenuation.

(5) The effects of temperature and microbial conditions on degradatiofiP@iAin oil sands
tailings under aerobic conditien
Hypothesis:Lower molecular weight and conueation of degraded #AM will be
observed under higher temperatmed augmented microorganisms.

(6) The main products of ##AM degradation in tailings under aerobic condision
HypothesisAMD will not be released from ##/AM degradation under aerobic condipn
ammonium and polymer fragments with lower molecular weight will be detected.

(7) The effects of APAM dosageon the biodegradation of-RAM under anaerobic conditien

13



Hypothesis: APAM with lower dosages would have a faster degradationAHRAM with
higher dosages under anaerobic condgion

(8) The effects of APAM biodegradation on the toxicity of tailings under anaerobic condition
Hypothesis:No significant impact of A°AM biodegradatn on both acute toxicity and

genotoxicity of tailings will be found.

1.4 Thesis organization

This thesis consists of seven chaptirat were logically organized according to the

research objectives presented above

Chapter 1 provides a genematroduction including the research background, objectives,
hypothess, andresearchsignificance.Chapter 1covers a brief review of bitumen extraction,

characteristics ofvastewates, polymer application and degradation.

Chapter 2 is the literature revievegardingthe use of coagulationflocculation for
removing silica and organics fro®AGD produced water. Chapter 2 highlights the literature
pertaining to thecharacteristics ofilica and organigsas well asdifferent coagulants and

flocculants

Chapter 3 presents the performance of thermal softeiagulatiorflocculation
sedimentation to remove colloidal impurities from SAGD produced water, focusing on the
interaction effects of operational variables and removalham@sns. First, synthetic SAGD
produced water was prepared based on information obtained from industry and jar testers with
heaters and temperature controller were applied to conthectcoagulatiorflocculation

experiments. The interaction effects weradgd 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 duyiegr 4torage under
differentcontrolledconditions. 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 tim®f-flight mass spectra (TOFMS). The toxicity of P was evaluated usirige
Allivibrio fischeri (A. fischer) toxicity screening tdsThe microbial community in different layers
in reactors stored under different conditions were compared to find the microorgémsare

responsible for NAslegradation.

Chapter 5 investigates the degradation of anionic polyacrylamide in oil sands tailings under
aerobic environment. The effects of temperature and microorgsinisiolymer degradation in
both tailings water and pure polymer solution were stiittiebetter 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 pwher 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
microorganisrs collected from the anerobic digesbf amunicipal wastewater plant to study the
effect of initial polymer concentration on biodegradatdénhe polymerMethane intermediates
and microbial communitwereinvestigatedo better understand the degradatperformancel he
potential metabolic pathways for producing different volatile fatty acids (VFAs) from the

intermediates of A2AM degradation were proposed.
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Chapter 7 summarizethe major findings and conclusions of the theBistthermore,

recommendatins for future workhatarise from this thesis are alsatlined 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 freslater were needed for every barrel of bitumen
productionin 2019 (COSIA) More than 90% of the produced water is recycled after treatment,
while the remaining 10% is made up of fresh wéBarha Thakurta et al., 2013; Kawaguchi et al.,
2012; Lightbown, 203; Maiti et al., 2012) SAGD produced water requires treatmprior to
being recycled as boiler feed water (BFW) for steam genergfiatema et al., 2015; Jennings and
Shaikh, 2007)In the conventional softening treatment procé€ssuie 2.), oncethrough steam
generators (OTSGs) are applied to produce steam. In order to meet the feed water requirement of
OTSGs (SiQ < 5075 mg/L, total hardness < 0.5 mg/L as CaC@l and grease < 0.5 mg/L)
(Fatema et al., 2015)he deoiled water(DOW) will be mixed with makeup water (fresh and/or
brackish) and recycled boiler bleslown (BBD) water, and then treated by warm lime softening
(WLS)/hot lime softening (HLS) process or alternatively, evaporators in some facilities.
Subsequently, filtration andieakacid cation(WAC) exchangeresn are applied to remove
suspended solids and residual divalent jengh as calcium (G5 and magnesium (Mg), to
produce boiler feedwater (BFW) suitable for steam generéioret al., 2012; Sadrzadeh et al.,
2015) Although OTSGs can toleragehigh amount of TDS (80002000 mg/L) and TOC (360

1000 mg/L), the steam quality of OTSGs is low (typically883%6) compared to drum boilers

1 This chapter is based on the published paper: Li J, How ZT, Zeng H, G&bal M. Treatment Technologies for
Organics and Silica Removal in Stedssisted Gravity Drainage Produced Water: A Comprehensive Review.
Energy & Fuels. 2022; 36(3):12¢4..

28



(100%), resulting itheBBD waterflow being ~1525% of the BFW ratéSadrzadeh etl., 2018)

A portion of BBD water is recycled back to the WL$rocess while the rest is dearded

(Hayatbakhsh et al., 2016)

Due to the limited removal of silica and organics by conventional pres¢3asdrzadeh et

al., 2018)and the increasing strict@olicy on reduction of freshwater usaffdberta Energy

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

produced waterThis literature review summarizes the chemistry of SAGD produced water,

focusing m the organics matter and siliGmdevaluates differentoagulants and flocculantsr

removing the silica and organifrem produced water.

Figure 2.1 Flow diagram of conventional SAGD produced wateatment process (Kawaguchi

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

Due to the complex chemistry of silica and dissolved organics in SAGD produced water,
the following section discusses the basic properties of silica in water amdeitzestion between
silica and softener magnesium oxide; while the organic section describes the reason for high
dissolved organic content in produced watad 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 dieeidéed compounds
which are derived from the dehydratiponlymerization of monosilicic acid (Si(Ok))(Ning,
2005). They are commonly categorized as reactive solublereamtive salble (colloidal) and
nonreactive insoluble (particulate) in watgiiding, 2003).The initial soluble form of silica,
monosilicic acidis generally deionized at acidic and neutral pH leumls$ atpH 10, 50% of the
monosilicic acid is ionizedBouguerraet al., 2007; Sheikholeslami and Tan, 1999). With the
increase in concentration of the monosilicic acid (> 2%10I/L) under room temperature (25 °C),
polysilicic acids of small molecules as dimers, trimers, or oligomers are formed via polymerization
andthen colloidal silicaamore highly polymerized speciesth particles larger than 50 A down
to 1020 A, will be formedBouguerra et al., 2007; Sheikholeslami and Tan, 1999). The colloidal
silica includes the colloidal particles formed by the combimatiith 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 charaerize and predidiNing, 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 polynmemizate 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 23, the polymerization rate deaseqChan, 1989; Ning, 2003).

Under high pH (9.8.0.5) and high temperature (80 °C) conditions, it is reported that
silica mostly exists as dissolved silicate and is negatively charged in SAGD produce@aéter
et al., 2012; Sadrzadeh et al., 20ZBang et al., 2021). As mentioned earlier, silica can deposit
on the surface of equipment as solid fouling lay&faiti et al., 2012). It is well known that the
silica fouling can be exacerbated via forming silicates with the presenceaofidrivalen 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 adttedhe renoval 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 couldot be concluded definitely that the formed scales are mainly due to the

precipitation of DOMSi complexegFatema et al., 2015; Maiti et al., 2012).

In the WLS/HLS process, MgO addition is to interact with silica and precipitate silica
compounds from thBAGD produced water. However, the silica removal mechanism has not been
fully establishedPerdicakis et al., 2019). For silica removal using magnesium compounds during
softening in SAGD produced water, two possible competing mechanisms of silica rensowal w
proposed: adsorption onto freshly precipitated Mg(©adf)precipitation by forming magnesium
silicate precipitategParks and Edwards, 2007; Zhang et al., 2021). Different reaction conditions
may make one mechanism dominate over the other. As showabie 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 adliconcentration.

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

conditions.
Conditions
Initial - i
Initial silica Contact Dominant
Magnesium molar ~ Temperature . Reference
pH  concentration time  mechanism
compounds  ratio / C)
mg/L min
Mg:Si (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
Nonslaked 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 2550 1440 silicate
9.5 al., 2015)

precipitation
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(Chenet
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 tine oil and gas industrysuch as oil sands process
waters (OSPW) from surface mining, SAGD produced water collected in the oil sands region
already contains higlevels ofDOM due to the unique composition of the geological formation
(Hurwitz et al., 2015; Maiti et al., 2012; Ril 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
(GuhaThakurta 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 carbof{uha Thakurta et al., 2013; Pillai et &017). Increased water
soluble organics (WSO) and TDS concentrations in BBieroccur using conventional treatment
processes, without any treatment of the BBler, andas more BBDwateris recycled. Although
extensive literature is available on theemical characteristics of OSPWamalEI-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-wedlerstoodGuha Thakurta et
al., 213; Kawaguchi et al., 2012). Additionally, the nature of DOM in SAGD produced water may

be different from the OSPW DOM due to differentgginds characteristics and extraction process
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(Guha Thakurta et al., 2013). For instance, SAGD process employs teghgeratures (200
250 °C) and pressures (ca. 3.5 MPa) than the surface mining prabéds requires moderate
temperature (790 °C) and atmospheric pressi@uha Thakurta et al., 2013). The addition of
diluent in SAGD emulsion (ocivater mixture) mayalso contributeto 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 neuwal (HPoN), hydrophilic acid (HPiA), hydrophilic base (HPiBhdhydrophilic
neutral (HPINYEdzwald and Association, 2011). Guha Thakurta et al. (2013) tested three different
resins, including DAX8, strongly acidic cation exchangessin 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%, respesly, while the other four fractions constitute the
remaining 33%. The percent aromaticity of DOM has been shown to have strong correlation to
specific UV absorbancéSUVzs4) values. As shown ifrigure 2.3 BBD water and its HPoA and
HPoN fractions had hiier SUVs4 values (4.3, 5.0 and 4.0 L mgn?, 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 DOMfractions in DOW, BFW, and BBD water samples from

different SAGD plants.
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In addition, fluorescence excitati@mission matrix (FEEM) spectroscopy was also used
to characterize the fcdions (hydrophobic and hydrophilic) of SAGD produced walére
fluorescence peak intensities of fluorophores of DOM in different SAGD produced water and of
different fractions isolated from BBD water are comparedable 2.2 Although the range of
peals varied between WLS and BBD in different studies, dominant peaks of tryptdighan
fulvic-like and humielike signatures can be found in both WLS and BBD water, suggesting that
majority of organic components contain huske, fulvic-like and tryptophatike structural
featureqFatema et al., 2015; Guha Thakurta et al., 2013; Hayatbakhsh et al., 2016; Pillai et al.,
2017). In terms of DOM fractions isolated from BBD waterthiresinbased method, both Guha
Thakurta et al. (2013) and Pillai et al. {Z) revealed the presence of humand fulviclike
structural elements in HPoA and HPIA, and of tryptopliea structurs in HPoB. However, the
observation of HPoN and HPIN fractions in these two studies were inconsistent. Signatures of
tyrosinelike andtryptophanlike molecules were found in HPoN by Guha Thakurta et al. (2013)
while fulvic- and humielike structures were mainly distributed in HPoN in the study of Pillai et
al. (2017). The reasons for these differences are still unknown but the assuroptibbe related

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

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

literature.
Water Fraction Peaks locatio(Ex/Em Chem nature Reference
Type wavelength nm
) Tryptophanlike; (Hayatbakhsh et
WLS 220-350/350450 fulvic-like: humiclike  al., 2016)
BBD ) 205-250/375450 and 3090 Tryptophanlike, (Fatema et al.,
340/375480 fulvic-like, humiclike 2015)
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BBD i 250/375425 and 306B40/375 Tryptophanlike, (Guha Thakurta
480 fulvic-like, humiclike et al., 2013)
. (Guha Thakurta
BBD HPOoA 310-340/406500 Humic-like etal., 2013)
BBD  HPoA 300-350/380460 Humic-like (P";"’(‘)'le;)a"'
Tyrosinelike, (Guha Thakurta
BBD HPON 225250/325380 iryptophanlike otaL. 2013
BBD  HPON 225275/325460 Fulviclike, humiclike ~ (Guha Thakurta
et al., 2013)
. (Guha Thakurta
BBD HPoB 260-290/280320 Tryptophanlike etal., 2013)
. (Guha Thakurta
BBD HPoB 225250/375425 Tryptophanlike etal., 2013)
. L (Guha Thakurta
BBD HPIA 320-375/375500 Humic-like etal., 2013)
BBD  HPIA 300:350/380460 Humic-like (Guha Thakurta
et al., 2013)
BBD HPIN 210225 and 25@75/280320 Tyrosinelike (GuhaThakurta
et al., 2013)
BBD HPIB 210-225/275310 and 210 Tyrosinelike, (Guha Thakurta
225/325400 tryptophanlike etal., 2013)

Advanced analytical techniques such asiK8€, FT-ICR-MS and TOFMS were applied
to better define the families of dissolvejanic species in SAGD produced wateiwaguchi et
al. (2012)analyzed the DOM in different SAGD produced water by-K8E€ and their results
demonstrated thairganic acids and volatile organic compounds (VO&s)e thepredominate
organican theproducedvater, WLS feed water, and BFW, wherea$y organic acids were most
abundant in the BBD water because most of the VOCs were significantly removed through steam
generationPereira et al. (2013) found over 3000 elemental compositions correspondingge a ra
of heteroatorrtontaining homologue classes in BBD water by applying HRLRitrapMS. As

shown inFigure 2.4 classes of Qand SQ were more abundant than N@nd SO« species in
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BBD water. Similar results of heteroatom class analysis were also byuRdlai 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 acidSWGD produced water, organic acids with

213 oxygen atoms represented the majority of

S04
So3 mBFW (Pillai et al., 2017)
S0O2

mBBD (Pillai et al., 2017)

SO
Si mDOW (Pillai et al., 2017)
NO2S
NO4 mBBD (Pereira et al., 2013)

0 10 20 30 40 50
Relative Abundance (%)

Figure 2.4 Heteroatontlass analysis for deiled water DOW, Boiler feed water BFW and

blowdown water BBD acquired by ES) HPLC-OrbitrapMS or FT-ICR-MS.

2.3 Coagulation-flocculation for removal organics and silica
Various technologies such as membrane technologies andogd®n have been
developed to treat SAGD produced wdtallah et al., 2019; Kimetu et al., 201&oagulation

flocculation, although regarded as a conventional technique, igrstilbf the most widely applied
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technologies to remove suspended andalved 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 largettiflatsan settle down quickly

and are subsequently remove(Prakash et al., 2014 oagulation ad 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, eledttatic patch and sweep/enmeshment coagulation are
the main mechanisms for destabilization. The characteristics of each destabilizing mechanism are
illustrated inFigure 2.5 These mechanisms are determined by water characteristics, type and doses
of coagulant/flocculant, and also treatment condgsuch as design of mixing devicézarsons

and Jefferson, 2006).
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Figure 2.5 Characteristicef destabilizing mechanism for coagulation/flocculat{Bharmaet

al., 2006 Wills and Finch, 2015)

Since coagulation/flocculation is a weltablished method to destabilize and aggregate
colloids, the emerging interests ameegard texploring promising coagulants and flocculants for
various wastewatdreatmen{Mohd-Salleh et al., 2019; Sillanpaa et al., 2018; Zeng, et al. 2007
Generally, coagulants can be classified into inorgafmetal salts) and orgarsigmainly
polymers) while flocculants are polymers that can be classified as syntheticahahd grafted.

In order to makehe 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 swariged inTable 2.3

Table 2.3 Summary oftoagulantsand flocculants applied in SAGD produced water treatment.

Water ~ 1€MPeraturé peeq  Optimal

Coagulant Flocculant Mechanism Reference
type °C) pH removal
Surface
Produced TOC (Al-As'ad and
AlNO): water 80 12 enmeshment sein, 2014)

(pH: 3.7) coagulation

73% of
ToC Surface
(pH:1.6)  neutralization;
localized :
Produced (Al-As'ad and
- 0,
FeCt water 80 12 >80%of enmeshment  ,qein, 2014)
silica coagulation
(pH:7.9)
18% of Surface
Produced TOC neutralization ~ (Al-As'ad and
CalNQ): water 80 12 Husein, 2014)
(pH:9.1)
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IERW - BBD
PAC - BBD
Alum
- BBD
Eoprllgo'\l/lyA Anionic Produced
DADMAC PAM water
Cationic
Tannins or and Produced
chitosan anionic water
PAM

40, 80

85

85

95

20-100

11

12

12

81.8% of
TOC

98.6% of
silica

40% of
DOC

15% of
DOC

73% of
silica
50% of
COoD

40% of
TOC

99% of O
&G

75% of
silica
54% of
COD

42% of
TOC

98% of O
&G

Surface
neutralization (Mohammadtabar
et al.,2019)
Surface

neutralization;

precipitation (Hurwitz et al.,
of organics in 2015)
acidification

Surface

neutralization;

precipitation (Hurwitz et al.,
of organics in 2015)
acidification

(Polizzotti and
Khwaja, 2011)

(Polizzotti and
Khwaja, 2011)
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2.3.1 Chemical coagulants and flocculants

Multivalent metal salts such as aluminum (aluminum sulfate, aluminum chloride and
sodium aluminate), ferric salts (ferric sulfate, ferrous sulfate and ferric chloridepagmesium
chloride are the most commonly used coagul@hus et al., 2007). Among them,-AInd Febased
coagulants artnemost popular mainly due to low cost, high availability, as well as high efficiency
to remove turbidity and coldBratby, 2016). As shown ihable 2.3A-As 6 ad and Husei n
compared aluminum, calcium and ferric salts as coagulants for treating SAGD produced water
under high temperature (80 °C). At higher dose3(®/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)and Al(OH. Compared to aluminum salts, ferric salt
was much more effective because the complexes formed3yR@/or its hydolysis products
with organics are more stable and less soluble. Ferric salt also performed effectively to remove
silica (>80%) from SAGD produced water whitre pH was around 8. This can be explained by
the fact that the bulk precipitation of Fe(QHbccus at pH values of-8; Fe(OH} precipitate
would adsorb hydrolysis soluble silica species with negative chargbedndced to precipitate
(Leong, 2005; Mesmer and Baes, 199@agnesium has been also provi® be an effective
coagulant for removing sda and other contaminants from wastewater at higiiLjakbur et al.,
2015; Shamaei et al., 2018; Vandamme et al., 2012; Zeng, et alg) 2d@hammadtabar et al.
(2019) analyzed the use of ion exchange regeneration wastéliReY), which containgigh
concentratios of calcium and magnesiyms a coagulant to treat SAGD produced walbe
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 demonstratddrtfextprecipitated flacand
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enhanced coagulation process can be achieved by using mixing and increasing the temperature and

dosage of the IERW.

Inorganic polymers such as poly(aluminum chloride) (PAC) are commonly used as
synthetic inorganic coagularitsconventional wastewater treatmef@so et al., 2011; Gao et al.,
2003). The main mechanisnfor these inorganic polymers to remove organics are adsorption,
entrapment, complexatipand charge neutralization to a lessxtent(Cheng and Chi, 2002).
Compared to the aluminum and ferric salts, the inorganic polymeric coagulants showed better
removal efficiency of organics at high g8heng et al., 2008). For example, Hurwitz et al. (2015)
evaluated PAC and alum as coagulants to remove DOC from BBbDevated 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 {I&)l¢ 2.3. The superior
performance of PA@s compared talum may have been due to the fact that whenghlewas
high, PAC had higher positively charged-gdecies and higher positive charge density on Al

precipitate surfaces than alyfernitsky and Edzwald, 2006).

Organic polymers are the sole class of coagulantfooculants used in the SAGD
industriesbecause they have effective functiormadler pH and water temperaturanges. The
nature of charges followed by molecular weight and charge density are important factors for their
coagulation or flocculation perfomnce (Lee et al.,, 2014). When used as coagulants, the
advantages of organic polymers over inorganic metal salts are significant, inchelinged for
less coagulantdosage, less sensitive to pH, less sludge volume, andnletsdlic compound
residuas (Gao et al., 2008). The removal efficiency from organic polymeric coagulants is
generally higher than that of inorganic polymers. Epichlorohydinmethylamine (epDMA) and

poly-diallyldimethylammonium chloride (polp)ADMAC) are common cationic polymers use
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as coagulants. When used as flocculants, organic polymers are preferred because they are
convenient to use, easily to dissolveamaqueous system, independehpH, efficient atlower

doses, andcapable of producing largand stronger flocgLee 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 protiessemploys cationic efdMA and polyDADMAC 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 atR®ising
resultsof high removéefficiency of COD (50%), TOC (40%), silica (73%) and oil & grease (99%)
were observed by using cationic €pA as coagulant with anionic PAM as flocculaniable

2.3). However,t is worth notingthatthe pH was adjusted from 7.5 to 4 before adding otegs

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

coagulatiorflocculation and pH reduction.

Composite coagulants are designed to gain advantages from both inorganic and organic
coagulantswhile overcaming the shortcomingsposed by eachThey have presented superior
coagulation performance in various wastewater treas&aio et al., 2008; Sun et al., 2017; Zhu
et al., 2012). For example, Sun et al. (2017) prepared polymeric aluminum ferric sil&a&&)(P
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 watatntent investigating the
composite coagulants so far. The performance of different composite coagulants for treating
SAGD produced water under high temperature is worth inveisiigatthe 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 atbat these materials abgodegradable, netoxic, relatively low cost
and no secondary pollutigBolto and Gregory, 2007). Bicoagulants/flocculants can destabilize
the colloidal particles via two mechanisms: one is increasing the ionic strength and reducing the
zeta potentialleading 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 grqupsz a c ar a n {. Clrentygthel , 2 0 O
commercidly availablenatural coagulants/flocculants are mainly chitosan and taf@iasloja,
2016; Renault et al., 2009). Both of them have been applied in SAGD produced water treatment.
Polizzotti et al. (2014) have patented adileng method that uses tannins and chitosan as natural
coagulants and a cationic and/or anionic flocculant to clarify SAGD produced water under higher
temperature (95 °C). This process can achieve 75% of silica, 54% of COD, 42% of TOC and 98%
of oil & greaseremoval by reducing the pH from 7.5 to 4, then addwedannin based polymeric
coagulant, followed by the addition of cationic PAM and anionic PAM flocculant. However, as
discussed earlier, the impact of pH reduction and coagufitioculation on the emoval
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 igiidredbiodegradability of
natural polymers would shorten thshelf life due to the degradation of active components and

would lose stability and strength with tirfleee et al., 2014).
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2.4 Conclusion

Given the complex chemistry of SAGD produced watemrowing removal of both
organics and silica faces technical and operational challeAtieeugh silica has been reported
to exist mostly as dissolved silicate and it is negatively charged in SAGD produced water at high
temperature (8@0 °C) and high pHY.5-10.5), the interaction between silica and Mg@ich is
most commonly used to remove silicsinot fully understood. Two possible mechanisms, which
are silica adsorption on the formed Mg(QH)r silica precipitation as magnesium silicate
precipitateshave 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 understiaerdation of
silica and MgO as well as the effect of other orgarircterms of dissolved organidbe dominant
fraction of dissolved organics is different among different SAGD produced waters. Generally,
HPoA, HPoN and HPiN were primary DOM constitteeim most SAGD produced water including
DOW, BFW and BBD. FEEM results indicated that components of SAGD DOM have+amdic
fulvic-like structure features. Based on MS based analytical techniques, organic acids and VOCs
were found to be predominant in BM) 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
organicspecies 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/floccularganio polymersare the
preferredcoagulants andlocculantsin SAGD produced water treatmenthe 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 compouBdA jgind
poly-DADMAC are commororganiccoagulants while PAM and polyamine are usually used as
organicflocculantsIn order to promote the performance of organic polymers, it is worth @xglor

the impact factor and study the interactions among particles andgrslymder high temperatures.
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CHAPTER 3 REMOVAL OF COLLOIDAL IMPURITIES BY THERMAL
SOFTENING-COAGULATI ON-FLOCCULATION -SEDIMENTATION IN
STEAM ASSISTED GRAVITY DRAINAGE PRODUCED WATER:

PERFORMANCE, INTERACTION EFFECTS AND MECHANISM STUDY 2

3.1 Introduction

As one of the primaryn situthermal recovery processes for bitumen production, steam
assisted gravitydrainage (SAGD) extracts bitumen by injecting high temperature and high
pressure steagButler, 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 minimizingogkrati
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 (15@00 mg/L) and dissolved organics (3800 mg/L) are particularly
problematic because their precipitation can result in fouling in steam generators and clogging of
pipelines(Sadrzadeh et al., 2018y addition, water hardness components’{Qdg>*) can cause
scaling and corrosion of pipelinaad steam generatai€how and Pham, 2019Currently after
thede-oiling process, produced water is introduced to the warm lime softening (WLS) treatment
unit with addition of hydrated lime (Ca(O¥) magnesium oxide (MgO), soda ash {8@s),

coagulant ad flocculant under high temperature {85 °C) and high pressu(eleins, 2010)

2This Chapter is based on the published paper: Li J, How ZT, Benally C, Slen H, Gamal EDin M.

Removal of colloidal impurities by thermal softeniogagulatiorflocculationsedimentation in steam assisted

gravity drainage (SAGD) produced water: performance, interaction effects and mechanism study. Separation and
PurificationTechnology. 2023; 123484
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In recent decades, various technologsesh as membrane filtratiphave been developed
to treat produced watgForshomi et al., 2017; Karami et al., 202Qpagulatiorfl occulation,
although regarded as a conventional technique, is still considered as a promising and essential
technology for separating colloidal impurities from different sources of waste(atet al.,
2022b) Previous studies tested inorgan@agulant{Hurwitz et al., 2015; Rasouli et al., 2017)
and organic coagulants (epichlorohydrindimethylamine (ERDMA),
poly(diallyldimethylammonium chloride) (pol@ADMAC)) (Polizzotti and Khwaja, 2011,
Zhang et al., 2021hyith/without flocculants in real and stretic produced wate©verall, 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 compoundthan inorganic coagulants/flocculants in SAGD produced water treatment
(Gao et al., 2008; Li et al., 2022b). Among different organic coagulants;D#adDMAC and
polyacrylamide (PAM) are the most commonly used polymers in oil and gas industry (Bhandari
and Ranade, 2014; Li et al., 2022b; Wang, 20HJ)wever, 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 assdssiafficiency of the
technologies. In fact, TIC can significantly affect the surface charges of £a@OVig(OH},
which would in turn affect the performance of both softening and subsequent coagulation
flocculation(Zhang et al., 2021bBesides, SVI is arimary indicator of the readiness levels of
the formed flocs to be settled down and thicke(dan Aken et al., 2017)lt is known that
coagulatiorflocculation (CF)is impacted by both water chemistspch 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 produtewater remains relatively uncovered. In recent
published researclzhang et al. (2020nvestigated the interactions among humic acid, silicate,
clay and formed CaCf O and Mg(OH), focusing on electrokinetic properties. Their results
demonstrated that tlexistence of silica, clay or humic acid could easily change the surface charge
of Mg(OH). particles and increase the magnitude of negative charge on:Qa@@les. Later,
Zhang et al. (2021glso explored the individual impact of water chemistry, indgd OC, total
suspended solids (TSS) and silica, on the-BMA 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 prowideunderstanding 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 multbmponent 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 collectmfrmathematical and statistical techniques and is an
effective tool in optimization and modelling of the composite-e@ar systems while using less
experimental runs compared to the one factor at a time appii®asbma et al., 2021RSM has
been utiized to successfully optimize the CF process in various types of wastewater, including
turbid wastewatefKusuma et al., 2022palm oil mill effluent(Huzir et al., 2019)and crude oil
polluted water(Rehman et al., 2022However, to the best of our kwtedge, 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 wated) (Most of the colloidal
impurties are negatively charged and remain suspended due to the strong repulsive forces which
prevent them from collisio(Maiti et al., 2012) The removal mechanisms were mainly studied by
focusing on inorganic coagulants without flocculant, and chargeatieatron and enmeshment
were found ashetwo main mechanism@$urwitz et al., 2015)A limited number of researdias
investigated removal mechanism by organic coagulants under high temperature and the effect of
temperature on removal mechanism in pretlwater Mohammadtabar et al. (2018xamined
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 wo produce larger flocs and hence promote turbidity rem@balng et
al. (2021ajytudied the removal mechanism of silica by using MgO and two competing mechanisms
including adsorption on formed Mg(OFBnd precipitation as magnesium silicate were prapose
However, the synthetic water used in their study only containe8i®sa indicating interactions
with other impuritiesthat might change the removal mechanism were neglected. Hence, the
removal mechanism of different colloidal impurities and temperature effect in softening
coagulatiorflocculation process need to be furtimvestigated 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 softeningcoagulatiorflocculation in synthetic water, following the industrial practice of
utilizing poly-DADMAC as the coagulant and cationic PAM as the floaoudd 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 condsidfurthermore, 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 collodal 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 thengeifor

improving efficiency in orsite produced water treatment.

3.2Materials 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 inrable 3.1 Ca(OH», Na&eCQs, sodium chloride (NaCl), calcium chloride dehydrate

(CaCbk 2H20), magnesium chloride hexahydrate (MgCl 2H.O), sodium bicarbonate

(NaHCQ;) were purchased from Fisher Chemicals. Kaolinite clay@Al 2Si0G; 2H.0) was

obtained from Fluka. Sodium metasilicéiéeSiOs), humic acid sodium salts {8BsNaO4) and

MgO were purchased from Sigma Aldrich. R&ADMAC (Sigma Aldrich) and cationic
polyacrylamide (855 BS, Praestol, Gernany) were applied as cationic coagulant and flocculant,
respectively. MilltQ water (Mllipore 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 NaSQy) 2000 mg/L Total dissolved solids (TDS)
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CaCb 2H.O and MgCi 2H;O 250 mg/L as CaC®  Total hardness

Kaolinite 500 mg/L Total suspended solids (TSS)
NaHCQ 650 mg/L as HC® Bicarbonate alkalinity

Humic acid sodium salt (HAS) 150 mg/lL as C Total organic carbon (TOC)
N&SiOs 250 mg/L as Si® Silica

3.2.2 Softening-coagulationflocculation test

A Phipps & Bird PB700™ JarTester was used to perform the jar tests using 2L of synthetic
water. A MagniWhirl constant temperature water bath (Blue M) was applied to heat watbe
samples and maintain the temperature at 80 °C before and after the (aigtestl in appendix
A). During the jar test, a temperature controller (Inkbird) was applied to control a portable heater
(Diximus) to maintain the temperature of wasamples on the jar tester. Softeners including
Ca(OH)» (125 mg/L), MgO (258 mg/L) and M@0z (150 mg/L) were added into jars immediately
after the start of rapid mixing. After softening, pdMADMAC was added as coagulant while the
speed was kept the safioe 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 Afidace.
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 DesigBxpert 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 desugh 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 variabl@dgair et al., 2014)In addition, CCD is better at extreme
conditions and gives better results for quadnatodels(Ahmadi et al., 2005)The coded

independent variables are pdlADMAC dose (%), mixing time with softeners only £x

coagulation speed {xand flocculation time @; turbidity removal (), TSS removal (¥),

particulate hardness removalsfysilica removal (¥), TOC removal (¥), TIC removal (),

and SVI (Y;) are the responses of interésible 3.2shows the CCD in the form of & full

factorial design, along with ranges and levels for each independent vafiabéach response,
regression coefficients and analysis of variance (ANOVA) were estimated based on the quadratic

polynomial modeEq. 3.1.

9 71 [ 9 [ @ [ @D R op

where Y is the respons@,and@ are the coded values of the operational varidfeslEf is

the intercepty ,r ,r denote linear coefficient, the quadratic coefficientfand the interaction
coefficient betweeitandE respectively- is the random erroifhe reduced quadratic model was

then used to develop the correspondirgpomse surfaceshere 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 Experimentatange 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 determirgdrxard
Methods 2340B, 2540D and 2710D, respectiVdlWWA, 2017). Zeta potential analysis was
performed in a Malvern Zetasizer Nano (Malvern Instruments). TOC and TIC were analyzed by
Shimadzu TOE.. Chemical oxygen demand (COD) of filtered water samplés. 45 e m ny | ¢
filter) was measured by using a Spectrophotometer (DR 3900, HACH, Germany) with Hach
TNTplus Vial Test kit 822. The concentration of calcium{¢and magnesium (Mg) ions and
silica were guantified by inductively coupled plasomical emission spectroscopy (ICBES)

(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 floagpdifieal treatment
under room and high temperature (80 °C). Further particle size analysis was conducted by using
the opersource software ImageJ distributed by K#irivastava et al.,, 2022he elemental
compositions of the particles and flocs werelyred using energdispersive Xray spectroscopy
(EDS, Bruker), Xray powder diffraction (XRD, Rigaku Ultima IV), and-pay photoelectron

spectroscopy (XPS, Kratos AXIS ULTRA). The chemical functional groups of the particles and
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flocs were assessed by atteauated total reflection Fourier transform infrared (AFRR)
spectrometer (Nicolet 8700, Thermo Fisher Scientific). The detailed procedure for sample

preparation and measurement method of FTIR was previously refartgdil., 2022a)

In order to @irther 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 hy et al. (2016)In brief, a thin mica sheet (model clayas glued
onto a cylindrical silica disk with a silver coated back surface. The two curved mica surfaces were
mounted into the SFA chamber with crasdinder configuration, followed by polymer solutions
injection between mica surfaces. Then the two sedavere brought close or separated apart. The
distance D between the two mica surfaces was quantified via the mbkighe interferometry
optical technique and the force F between two surfaces was obtained as a function of separation
distance based oneh Hookeb6s | aw. | n t+DADMACwtock $olutioladd O mg /
100 mg/L cationic PAM stock solution were prepared separately in 2800 NaCl solution,

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

3.3 Resultsand discussion

3.3.1Development of regression models and statistical analysis

Table A.1(foundin appendix Ajsummarizes 36 experiments designed by CCD, including
operational conditions, the observed and the predicted values for respdrsesded reduced
guadratic models for each response are shoviiyifi2-3.8. Insignificant terms-value >0.05)
were removed from the models (except those required to support hierdrehig A.9. ANOVA
results Table3.3) showed that all response®dels were statistically significarg-¢alue<0.01),
indicating a good fit of reduced quadratic models to the experimental results. High valifes of R

for all responses also demonstrate high model fithess. Besides, values higher than 4 for the
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adequate m@cision (A.P.) and lower than 10% for the coefficient of variance (C.V.) further proved
the model sd adequéDoigtalg20t8)Fig.e3[dplots dhe mradibtedIreisponse
values of the model against the observed values. As shown, datweistdistributed relatively

close and had linear behavior, suggesting highly accurate prediction power of the models
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where Y is the predicted value, A, B, C, and D representP8IPMAC dose, mixing time with
softeners only, coagulation speed, and flocculation speed, respectively. AB, AC, AD, BC, BD, and

CD are the interactioeffect terms, and A B?, C2and [F each represent the quadratic effect terms.

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

Turbidity TSS Silica TOC TIC

hardness 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 22.91 18.75
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Figure 3.1 Correlation between the actual and predicted (a) turbidity removal, (b) TSS removal,
(c) particulate hardness removal, (d) silica removal, (e) TOC removal, (f) TIC removal, and (g)

SVI.

Fig.3.2 presentshe 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 criticalp-valueof 0.05 to indicate the minimum statistically significant eff@ herefore, the
independent variables with bars that extend to the right of red reference line are relatively more
significant. As observed, pol)ADMAC dose (A), mixing time with softeners only (B), and
coagulation speed (C) had the salient impacttherturbidity and TSS removaFi@. 3.2a, 2h
For particulate hardness removal, the corresponding Pareto [elar8.29Q indicates significant
linear and quadratic effects of mixing time with softeners only and coagulation speed. On the other
hand, linar, quadratic and interaction effects of most variables, except coagulation speed and
flocculation time, were significant for silica removaid. 3.29. As shown inFig. 3.2e, 2f poly-
DADMAC dose imposed the greatest effect on TOC removal whereasdhaciimns among poly
DADMAC dose, coagulation speed and flocculation time had marked effects on TIC removal.
FromFig. 3.2g, SVI is largely affected by mixing time with softeners only, flocculation time, and
poly-DADMAC dose. The analysis also suggedteat the interaction effects of coagulation speed
and flocculation time, polDADMAC dose and flocculation time, as well as pBADMAC dose
and mixing time with softeners only were significant for SVI. Given the significant linear,
guadratic and interactn effects of poyDADMAC dose and mixing time with softeners only were
observed in most of responses, pPDKXDMAC dose and mixing time with softeners only were

the most important operational variables in the treatment process.
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Figure 3.2 StandardizedParetocharts fomresponsegqa) turbidity removal, (b) TSS removal, (c)
particulate hardness removal, (d) silica removal, (e) TOC removal, (f) TIC removal, and (g) SVI.
(A, B, C, and D represent pedADMAC 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 A B?, C? and D? each represent the quadratic effect tgrms

3.3.2 Performance of thermal treament and interaction effects
3.3.2.1 Turbidity and TSS removal

Figure 3.3hows the response surfafeurbidity and TSS removal for variable interaction
effects.Fig. 3.3aand3b 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 atv@gh2%
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 ppIxDMAC dose led to the incrsa of turbidity
removal whereas no significant difference could be found at different levels eDpaWAC
dose when mixing time of softeners only was above 14 min. A similar interaction was also
observed in TSS removdtif). 3.39. The results may be adked 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 witkofteners only. As shown ffig. 3.3k 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 cORDMAC

dose and mixing time with softeners only.

3.3.2.2 Particulate hardness removal

The response surfaad particulate hardness removal is presenteBiin 3.4 Fig. 3.4a

shows that increasing the mixing time with softeners only and coagulation spatddén 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. SinNksbn and Lawler (2009)

found that the mixing intensity strongly influeeet CaCQ production in softeningoagulation.

As shown inFig. 3.4l increasing flocculation time promoted the hardness removal with longer
mixing time with softeners only (> 10 mirfjig. 3.4cshows 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 248m and flocculation time of 12 min (pe@ADMAC 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

coagllation.
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Figure 3.4 Response surface of particulate hardness removal with the interaction effects of
variables: (a) coagulation speed and mixing time with softeners only; (b) flocculation time and

mixing time with softeners only; and (c) flocculation time and coagulapeed

3.3.2.3 Silica removal

As shown inFig. 3.5 significant interactions occurred among pBIRDMAC dose,
coagulation speed, flocculation time and mixing time with softeners only oa lnoval. Irrig.
3.53 an increase in polPADMAC dose promoted silica removal with longer mixing time with
softeners only (>10 min). On the contrary, increasing SNDMAC dose enhanced silica

removal at lower levels of coagulation speed (<150 riing) 8.50. 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. Howeverthe positive effect of coagulant dose could be hindered by floc
breakage due to excessive coagulation speed, which is commonly found in coagulatio(Miudies

et al., 2011; Zeng et al., 2007h Fig. 3.5¢ increasing both coagulation speed and mixingtim

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 ffig. 3.5d, 5% respectively, which indicated éhmixing conditions were essential for
optimizing silica removal. The highest removal efficiency of silica was found to be 23.3%, with
the polyDADMAC dose of 90 mg/L and mixing time with softeners only of 18 min (coagulation

speed was 150 rpm and flocdida 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 peJADMAC dose; (b) coagulation speed gmaly-
DADMAC dose; (c) coagulation speed and mixing time with softeners only; (d) floaulati

time and mixing time with softeners only, and (e) flocculation time and coagulation speed.

3.3.2.4 TOC and TIC removal

Fig. 3.6presents the interaction effects ®OC and TIC removal. Froiig. 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 witrsofteners 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 75.286ixwith

time with softeners only of 2 min and coagulation speed of 250 rpm-[pABMAC 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 (<@bf) 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 spegds§d. The highest

TIC removal was 34.3%, with pcl)ADMAC 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 effecagulation speed

and mixing time with softeners only, and TIC removal with the interaction effects on variables:

(b) coagulation speed and pdDADMAC dose; (c) flocculation time and [ysDADMAC dose;

and (d) flocculation time and coagulation speed.
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3.3.2.5 9VI

Fig. 3.7shows the interaction effects on SVI. Based~an 3.7a, 7bpoly-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 pdDADMAC dose ould 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 bnbed a
rapidly settled; however longer flocculation time would hinder this positive interaction due to floc breakage.
Wau et al. (2019also found floc breakage as flocculation time increasid.3.7cshowsthat reduction of
SVI with increasing coagulation spd was observed at longer flocculation time (>12 min). Previous studies
(Wu et al., 2019; Zhou et al., 2012)ggested that the size of flocs decreased with increase of mixing speed,
resulting in an increase of the total surface areas of flocs and henegotymers 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
settledor 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 rpespectively.
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Figure 3.7 Response surface of SVI with the interaction effects of variables: (a) mixing time

with softeners only and pol)ADMAC dose; (b) flocculation time and peADMAC dose;

and (c) flocculation time and codgtion speed.

3.3.3 Optimization and validation experiments

To determine the optimal conditisna numerical optimization was carried out. The

desired goals for each variable and response

fimaxi mi

zews tf oogf trhemaonv al

are presefitgulén3.4 The goal was set to

efficiency and

operational variables, the pelyADMAC dose was minimized as less chemical dose is more

desirabl e in
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among 100 potential solutions, the optimal condition with 0.93 desirability was identified at 67
mg/L, 14 min mixing time with softeners only, 200 rpm coagulation speed, and 16 min
flocculation time Fig. 3.9. This solution corresponds to 38.1 mL/g, 99.2%,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 rufisable 3.5shows 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.

Lower Upper Lower Upper Importance

Variables Goal limit limit weight weight coefficients
Poly-DADMAC dose minimize 60 80 1 0.1 5
Mixing time with within range 6 14 1 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 ~ 95.91 99.88 0.1 1 4
removal
Outputs - o
Silica removal maximize 12.4 26.42 0.1 1 4
TOC removal maximize 59.15  77.93 1 1 1
TIC removal maximize 2489 3547 0.1 1 3
Svi within range 26.8 43.54 1 1 2

Table 3.5 Validation results of multipleéesponse process optimization.

Responseredicted
Variable
(observed
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Figure 3.8 Ramp plots of numerical optimized conditions and responses.
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3.3.4 Floccharacterization and surface interaction

3.3.4.1 Floc analysis

According to SEM images iRig. 39, the formed flocsKig. 39b, 9¢) had an irregular and
polyhedral shape with relative rough and fumiformly distributed porous structures compared to
the maw particles ig. 39a). 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 ffogs39d, 9e, 9f). In addition, the flocs
formed after optimal process at high temperature (80 °C) had a wider rangeei2deOn wi t h
the peak of particle size distribution at 30
narrower range of 8 0 e mh wi he peak of parti,dndieatingthat e di s
increasing temperature could facilitate settling by forming larger and denser flocs. Several reports
have shown that floc settling is temperature depen@ayarathne et al., 2022; Moharadtabar
et al., 2019; Zhou et al., 2012An increase in temperature would increase the proportion of
particles activated to overcome repulsive forces to aggregate, thus enhancing the overall

aggregation rate.

Table 3.6presents the detailed elementamposition 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 comporfént (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 (10.5723,5%8%), 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

83



room temperature flocs (28.04%) as comganath 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 chargejanetal

species, anddsorption of polymer@ayarathne 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 sizetdbution 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

underdifferent temperatures by EDS analysis.

Element (wt%)

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

Raw 1550 2290 17.20 5.10 3.60 29.70 150 0.10 2.63 1.80 100.03

After

treatmentat 39.65 27.60 468 846 710 390 530 3.20 0.10 0.00 99.99
20°C

After
treatmentat  41.00 28.04 0.50 1057 853 040 645 450 0.00 0.00 99.99
80 °C

The XRD patterns of the raw particles and flocs are showingin3.10a The appearance
of kaolinite and CaC®in the formed flocs demonstrated that they were successfully removed
from water. The observed peaks in the for med
with MgO (Zhang et al., 2021ajvhich was probably a residual of added MgO. ihisresting to
note that the peaks of amorphous magnesium silicate was only observed in the formed flocs at
room temperature, whilethe Mg(OH)eaks (2d = 44.80, 60.5U and
temperature. This indicates that silica and®*Mgnovals at room temperature were achieved
mainly by the coprecipitation as magnesium silicates while at high temperature this occurred
through adsorption of silica on Mg(O#)Additionally, very weak peaks of Ca(Orgppeared in
the flocs formed under higkemperature, which can be explained by the decreased solubility of

Ca(OHy at elevated temperatu(@eschner et al., 2013)
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Fig. 3.10bshows the FTIR spectra of raw particles and flocs. The peaks at 3691@30
cmt, 1006 cmt, 913 cmt are the charactistic peaks of kaolinite¢Osacky et al., 2013; Sam
Tunsa Alarba et al., 2022For the formed flocs, the intensity of the kaolinite peaks increased
dramatically, especially for peaks at 1030cand 1006 cm in the flocs formed under high
temperature§0 °C). The band at 3618 ciis associated with the structural hydroxyl gréGecer,
2022) which can belong to magnesium silicates or Cag@Hy Mg(OH). The peak at 1407 cm
1 can be attributed to the carboxylic group, which could come from humicsatt&land also
polymers(Hay and Myneni, 2007; Parvathy and Jyothi, 20Bnilar 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 chpeak observed in ¢hlow-frequency region can represent NaCl
and carbonates, respectivéumar et al., 2012; Osacky et al., 201Bhe intensity of carbonate
peaks in the flocs increased probably due to produced £€d@g the softening process. The
peaks centered at 788711 and 740 crit can be assigned to-8i(SamTunsa 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 trgatoess. The
peak at 650 crhcould be due to the presence of residual MGBen et al., 2008)herefore, 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 imedeasing 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 Kig. 3.10c In the raw water sample, the zeta potential wl@s45 mV (
2.75) whch 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 processleBgan increase of zeta
potential of supernatant, fron81.24 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 polyrderssity(Mpofu et al., 2004and having a more

stretched conformation of polymer chalndVi Sni ewska, 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 showrfig. A.2 and the higkresolution Ca 2p, Mg 2p, Si
2p, O 1s, C 1s spectra of each solid are showingn3.11. 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, wbin may result in poor agreement between the results obtained by
different groupgNi and Ratner, 2008; Ulgut and Suzer, 20@3) shown inFig. 3.11athe Ca 2p
high-resolution spectran the formed flocs at room temperatatearly shows weltlefinedpeaks
at 350.6 eV and 347.1 eV with a peak area ratio of 1:2, which can be assigned t(XiaG®t
al., 2021) For the flocs formed at high temperat(ffey. 3.11h), the Ca 2p was deconvoluted into
four peaks at 350.8 eV, 346.9 eV, 349.8 eV, and 346.2uggesting that the solids were a mixture
of CaCQ and Ca(OH) (Feng et al., 2018; Ni and Ratner, 2Q0)r the Mg 2p, two peaks at 50.4
eV and 49.8 eV ascribable to M2+ Si and MgO, respectively, were observed in the formed flocs
at room temperaturgyhereas two peaks at 48.71 eV and 49.29 eV, corresponding-@Hvand
Mg-O, respectively(Keikhaei and Ichimura, 2019; Zhang et al., 2021@gre 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{CHiyh
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 ta &id MgO-Si bonds of the formed
magnesium silicate, respectivéBhang et al., 2021alHowever, only one peak of-8i (102.2 eV)
was present at high temperature, suggesting that the silica was removed mainly through
precipitation at room temperature, while it wasoved 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-GtyZhao

et al., 2021) At the same time, the C 1s contains peaks at 284.8 &€V/d@d GCH) (Zhang et al.,
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2018) 287.8 eV ad 288.0 eV (&C=0) (Chen et al., 2020Wwere also observed in formed flocs.
The peaks of O 1s and C 1s indicate that humic acids were removed and settled with polymers

after the treatment. Overall, XPS data is in agreement with the FTIR and XRD results.
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Figure 3.11 High-resolution XPS of Ca 2p, Mg 2p, Si 2p, O 1s, C 1s spectra of (a) flocs after

optimal treatment at 20 °C and (b) flocs after treatment at 80 °C.

3.3.4.2 Surface force measurement

To further unravel the adsorption behavior and interaction mechanisms of polymers on
the particle surfaces underlying the coagulationculation process, surface force measurements
using an SFA were performed. The fodistance profiles between two misarfaces in 1000
mg/L polyDADMAC solution and in a mixture of 1000 mg/L of peBADMAC and 100 mg/L
cationic PAM are presented ig. 3.12 As inFig. 3.12aabout 6.5 nm of polymer film was
confined between mica surfaces whereas no adhesigR)wasdetected, which indicates that
the main function of polDADMAC was to neutralize negative charge by adsorbing on the
surface of particles. When mica surfaces were in the mixture ofp®BMAC and cationic
PAM (Fig. 3.12h, an adhesiond/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 thatidged two mica surfaces via electrostatic attraction. The
surface force results demonstrated that adding PAIPMAC as coagulant and cationic PAM
as flocculant could enhance the attractive interactions between the suspended patrticles via

adsorption andubsequent bridging.
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Figure 3.12 Normalized forceslistance profiles between mica surfaces in (a) 1000 mg/l= poly

DADMAC solution and (b) mixture of 1000 mg/L pe@ADMAC and 100 mg/L cationic PAM.

3.3.5Removal mechanisms of softeningoagulationflocculation

The removal mechanisms for impurities in softer@fgat 20 °C and 80 °C are outlined
in Fig. 3.13 According to floc characterization results, the hardness componefta(@avig™)
were removed bjorming CaCQ and Mg(OH) particles simultaneously during lime softening at
high temperature (80 °C), whereas #gould be removed by coprecipitation with silica at room
temperature. For silica removal with MgO, the above results at room temperatursmedrthe
formation of magnesium silicates and demonstrated that the precipitation would be the dominant
mechanism, which is in agreement with reported styd&our 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(@#H)m MgO became the main mechanism for
silica removal. Similar results were also observedZbang et al. (2021a)With increasing
temperature, the solubility of Mg(OHYlecreases, resulting in the limited amount ofMgns 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 thédadhe 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., 20Zdjca adsorption on Mg(OH)at high
temperature is likely to occur. Previousdies demonstrated that natural organic matter can be
removed via coprecipitation with other precipitated partifRasssell et al., 2009a; Russell et al.,
2009b) Additionally, the humic acid could be removed through coprecipitation with formed
inorganic solids such as CaG@nd 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 oxidea,tbe binding of metal

ions to the carboxyl and hydroxyl groups on humic acids in a bidentaté$oumm and Morgan,

1992) After the softening process, as confirmed by SFA results;[PAPMAC coagulant was

added first to neutralize the surface chage 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
thatthe chargeneutralization and bridging process occurred during the coaguffdmrulation
processlt is worth noting that other impurities like residual bitumen may affect the findings of
interactions and removal mechanism during coagulation/floccalatitained in this study. Both
positive and negative effect of residual bitumen on coagulation/flocculation have been observed
in previous studie@Carreras et al., 2013; Klein et al., 201B)iture experiments may be planned

to explore the effect of residl bitumen and other impurities on the performance of the treatment.
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Figure 3.13 A schematic for proposed removal mechanisms in softeztoagulation

flocculation at 20 °C and 80 °C.

3.4. Conclusion

In this study, CCERSM was adopted to determine the optimal conditions for softening
CFsedimentation and to investigate the interaction effects of operational variables in synthetic
SAGD WLS water under high temperature (80 °C) by testing the responses $¥tland the
removal of turbidity, TSS, particulate hardness, silica, TOC and TIC. Overall, the statistical
analysis suggested that pdDADMAC doseand mixing time with softeners only were the most
important factors for the treatment process due to $igrificant 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 softeningan compromise the overdosing effect of coagulant. Increasing coagulation

speed could magnify the positive effect of mixing time with softeners only on silica removal, which

94



is contrary to their interaction effect on particulate hardness removal, sugdkatitheir 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 whereagyedetion and flocculation were important for TIC
removal. The interaction results for Ssnfirmed that particles with more segments allowed for

the addition of polymeric chains which could then be bridged and rapidly settled with increasing
polymer dosevhereas longer flocculation time would cause floc breakage. The optimal conditions
for softeningCF-settling at 0.93 desirability were 67 mg/L pd ADMAC dose, 14 min mixing

time with softeners only, 200 rpm coagulation speed, and 16 min flocculation Ainteese
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/gThe temperature effect on the removal hstisms 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 impuritiesby forming larger and denser floesd changing their surface composition.

In addition, SFA results confirmed th#te adsorption and subsequent bridging are the main
mechanisms for poHDADMAC and cationic PAM in the CF proces3ur research covers a wide
rangeof operational variables, their interactions and providedpth 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, futpegiments may be planned to
explore the effect of residual bitumen and other impurities on the performance of the treatment.
Nevertheless, thesights gainedrom this study can bappliedto enhance theemoval efficiency

in onsite produced water treaentprocesses
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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., 201&SPW is a complex mixture
consisting of suspended solids, salts, inorganic compohadsymetals, and organic compounds
including naphthenic acids (NAs), polycyclic aromatic hydrocarbons (PAHS), phenols, and BTEX
(benzene, toluene, ethyl benzene, and xyletiest al., 2017) As the major contributor to the
OSPW toxicity to aquatic and testeial lives,NAs are oitderived mixtures of alkysubstituted
saturated cyclic and neeyclic carboxylic acids with the general formulaHz,+zOx, where n
refers to the carbon number, Z (zero or a negative even integer) indicates the hydrogen deficiency
caused by rings and/or double bonds introduction, and x is the oxygen atoms in the structure (x =
2 is classical NAs a(Nashred et &.x2010; X6e ef ak, 20dB§avidus z e d N
studies have reported the mechanisms of toxicity assdcwsin NAs in OSPW, including
endocrine disruption, oxidative damages to lipids and nucleic acids, as well as n@eosis
Garcia et al., 2011; Goff et al., 2013; Li et al., 20C0)rrently, huge amousidf OSPW are stored
in tailings ponds and oil sds companies do not actively discharge OSPW mainly due tqIMASs
et al., 2006; Martin et al., 20L0With increasing water demands for oil sands extraction and

reports calling for further regulation of water imports from the Athabasca Rivardlzenaion
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of OSPW isanimportant challenge facing the oil sands industry tqttan et al., 2009; Schindler
et al., 2007)

Various technologies have been explored to degrade NAsealadm OSPW, including
engineering (i.e. active) and biological (i.e. sgrassive/passive) applicatiofisllico et al., 2022;
Toor et al., 2013; Xue et al., 2018While active treatment technologiesuch as advanced
oxidation processes (AOP$Rve shown promising results in bersdale studiegAbdalrhman et
al., 2019; Abdelrahman et al., 2023; Meng et al., 2021; Zhang et al.,, 20438 technologies
have been tested using OSPW samples collectesit®tnat mayhave beerstored for long time
periods (e.g. several months) while testgere being conducted potentially limiting their
applicability due to the unrepresentative sample water qu&étersen et al., 2019 addition
to active treatment technologies, sgrassive/passive strategjesuch as constructed wetlands and
endpit 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 (Mc(@en 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 reseativlstigated the
fate d NAs in OSPW during storage esite 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 @bp20many unknowns and
uncontrolled variables can influence the fate of dissolved organics in &@8RtAIning aquatic
systems (Han et al., 2009). Therefore, further controlled studies under laboratory conditions are

needed to understand the letegm fateof NAs in OSPW.
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The objective of thistudywas toinvestigate the longerm fate of dissolved organics in
OSPWunder various controlledonditions. Thempactsof temperature, oxygeand ozone pre
treatment on water qualiparameters such asrbidity, NAs degradation and toxicity reductjon
werethoroughly investigatedVioreover at the end othe experiments, the microbial community
structure on the top and bottom layer of reactors was examined to identify key bacterial taxa
involved in degadation of dissolved organics in OSPW dursthgrage for approximatel/yeas.
To the best of the aut hor sdnprehersivelgentbgseatethe hi s i
long-term fate of dissolved organics in OSPW und#ferent conditions providing valuable

insights into the management and treatment of OSPW
4.2 Materials and methods

4.2.1 OSPW and chemicals

OSPWwas collected from a tailings pond in Alberta, Canaaha stored in 200 L barrels
located ina cold room (£C) before conducting the experiments. The characteristics of OSPW are
shown inTable. 4.1 All solutions used in the experiments were prepared with -Rilivater
(Millipore Corp., USA). Solutions used in NAs analysis were prepared with Ofiae water
(Fisher Scientific, USA).100-e m(d) SPME fibers (Sigmaldrich, Canada) coatedavith
polydimethylsiloxandPDMS), 0.612¢L PDMS per fiberwereused for the extraction of OSPW
samples. HPLC grade sulfuric acicb@s) (SigmaAldrich, Canada) was used for @djustment.

Analytical grade 2,2limethylnaphthalene (DMN) was purchased from Sigxithich.

Table 4.1. Characteristics of oil sands procedtected water.

Parameter Raw oil sands procesdfected water

pH 8.5+0.1
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Chemical oxygen demand (COD), mg/L 204+ 2.8

Dissolved organic carbon (DOC), mg/L 60.5+ 0.5
Total naphthenic acids (NAs), mg/L 43.0+1.1
Turbidity, NTU 85.3+8.3

Dissolved oxygen (DO), mg/L 6.9£0.2

4.2.2 Experimental Setup

In orderto investigate the effect of pteeatment on the characteristics of OSPW during
long-term stoage under ambient temperature, pure nitroges), (bkygen (Q), anda mild-dose
(10 mg/L) of ozone were purgeskparatelyinto different barrels to produce anaxioxic, and
ozonated environmesfor OSPW. In additionthe temperature effect was also examined by
storing raw (no préreatment) and ozonated OSPW under 4 °C. Duplicated reactors were set up
for each conditionSamples(250 mL)were collectecbn each ampling date. All samples were

filtered througha nylon filter (0.45 un) beforefurther analysis.

4.2.3 NAs degradation analysis

The degradation of NAs concentration during the storag@EséfWsamples was measured
by ultraperformance liquid chromatography tiroéflight mass spectrometry (UPLC TGWS)
(Synapt G2, Waters, ON). In brief, the chromatographic separation was achieved by a Waters
Phenyl BEH column with 2 mM ammonia acetate buffebath water and 50/50 methanol/
acetonitrile. TORMS was operated in negative electrospray ionization (ESI) mode using MS scan
over the mass range of 8200 Da in higkresolution mode (mass resolution = 40,000 FWHM at
1431 m/z) Myristic acid 1-13C wasused as an internal standard. All samples were filtered by using

a 0.45¢ mnylon filter prior to the analysis. Details of chromatographic separation and sample
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analysis using UPLC TOMS have been reported elsewh@reiang et al., 2018)The data was

acquirel by MassLynx (Waters) and proced$®y 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-ltalfperiod (t,2) for the

degradation of NAs were determinediby. 4.14.3.

0 00Q e
0 I 1o I 10 5 ]
bT I IC '?'Q T8)-

where G is the initial concentration of NAs in OSPW, i€the concentration of NAs in OSPW at

time t.

4.2.4Toxicity test

The acute toxicity of OSPW samples was evaluated via Micgé&mute toxicity test (81.9%
screening test) with the bacterial reag@ntischeri a luminescent marine bacterium. Micrdtox
has been reported previously in many reseatatiesregarding the toxicity of OSPW and it was
commonly used as a reliable bioassay in toxicity studies due to its high correlation with other
animatbased toxicity assay#rslan andGamalEl-Din, 2021; Ganiyu et al., 2022; Islam et al.,
2015) The pH of OSPVgamples was adjusted to the required ranged&pusing 0.1 mM EBQu.
Then the suspension Af fischeriwas exposed to OSPW samples at@&and bioluminescence
inhibition tests were undekenin duplicates in 94vell plates witha Synergy Microplateeader.
The percentage inhibition was calculated after 15 min as recommended by the manual based on

the MicrotoX® 81.9% screening test protocol. The luminescence intensiyfisicheriin dilution
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(2% NacCl in deionized water) and in phenol solution weeasured as a negative control and
positive control, respectively. The decrease in luminescence intensity of OSPW samples was

calculated based on the equatishswnbelow:

2 ))— T8
. )) 2 0 B
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whereRtis the correction factor,ds is the luminescence intensity thie negative control without
A. fischeri l.g is the luminescence intensity tfie negative control withA. fischeri under t
exposure time (t = 5 min or 1&in), G.sis Gamma for OSPW samples atheé positive control

under t exposure time.

4.2.5 Analytical methods

The OSPW pH wameasuredising an Accumet Research AR20 pH/conductivity Meter.
The turbidity was tested with a turbidimeter (OAKTON). Dissolveggean (DO) was monitored
by YSI model 50B DO meter (YSI Incorporated, Oh, USA). The oxidataluction potential
(ORP) was analyzed 4situ with a YSI probe (1003 pH/ORP Sensofhe dissolved organic
carbon (DOC) in filtered0.45um) OSPW was measured usiaghimadzu VCSH total organic
carbon (TOC) analyzer (Shimadzu, TOMOCHS/CSN) based on thermal catalytic principle and
nontpurgeable organic carbon methothe demical oxygen demand (COD) of OSPW was

analyzed by using a thermal otar (HACH) for digesting samples at 130 for 120 min and a
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spectrophotometer (HACH) for reading samples after cooling down to room temperature. Each

physicochemicgbarameter was analyzed in duplicate.

The biomimetic extractiosolid phase microextraci (BESPME) has been developed as
a toolto estimate total body residues in biota aéeposure to organic mixtures, and is based on
the principle that the SPMiwater partition coefficients correlate well with octamater and
membranewvater partition oefficients and provide a good surrogate for lipid partitior(ivign
Loon et al., 199;7Verbruggen et al., 2000BE-SPME has been reported as an industry benchmark
for the measurements of bioavailable organics andedidéctable organics (AEOs) in OSPW
(Huang et al., 2021; Redman et al., 20B3)efly, 20 mL OSPW samples were collected into glass
vials and were acidified with 5L of phosphoric acid (85%, ACS grade) bringing the sample pH
to the range of 2:2.4. Then samples were transferred to thelSRutosampler, where they were
equilibrated with the 3@m PDMS fiber for 100 min with orbital agitation (250 rpm) at°&0
After completion of the extraction period, the fiber was automatically retracted and injected into
the GGFID (Agilent 7890B) at 80 °C via the autosampler. The average molar response factor of
2,3-dimethylnaphthalene (2BMN) was used to convert the G&D response to nanomoles of
organic constituents on the PDMS fiber. Based on the calibration curve-DIV\3 the BE
SPME/GCFID resuts were expressed asol 2,3DMN/mL PDMS according to the equation

displayed below:

L 6
#|8w|§ﬁ0$-3A_7 5 T

where Asis the sample peak areag & the blank un peak area, MWn is the molecular weight

of 2,3DMN (156.22 g/mol), Wwun is the 2,3DMN injection volume (0.%L), Vrpusis PDMS
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fiber volume (0.61ZL) andAis the constant (the slope) of the calibration curve. The detection

limit for BE-SPME/GCFID was about 0.8mol 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 stmeconditions. Bacteriatommunities 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 filteredaiBid§ e rmylon
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 andGamalEI-Din, 2021; Arslan et al., 2022 brief, sequencing was performed with an
lllumina MiSeq platform (Micro300 PE) and the Y&} hypervariable region was targeted at the
Applied Genomics Core facility (University of Alberta, Canada). 341F and 785R primers were
used for library preparatio@ADA2 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 calculatedThe taxonomic assignmemtf each sequenceas performedby using the
AassignTaxonomyo f unc t-iedumdani SILVARtaxanondic traisng sey t h e
Asilva_nr _v128 tr ai silvasdejt Themathe mictobial prefes/weneww. ar
collapsed to phylum to specieBhetaxonomyassigned ASV table was generated and imported
into R |l anguage, where APhyl oseqgqd package was

plots, andaheatmap of the top 20 abundant ASM&sp | ot t ed i n AAmMpvi s20 pa
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4.2.7 Statistical analysis

Statistical analysis including multiple regression,-arag analysis of variance (ANOVA),
redundancy analysis (RDAand correlation analysisvere applied to analyze the quantitative
correlation amng 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 OSPWI'he RDA plot and a correlationmatrix were further pedrmed 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 ofOSPW
4.3.1.1 Water quality

The DO and pH of OSPW sampls®red at 20 and 4C were monitoredhroughout the
study periodFig. 4.1). As shown irFig. 4.1atheDO was kept at less than 0.3 mg/L in the OSPW
stored at anoxic conditiongvhereas DO remained at ~7.2 mg/L in raw OSPW, ~7.7 mg/L in
ozonatd OSPW, and ~8.0 mg/L in thexic OSPW under 20C. Accordingly, the oxidatior
reduction potential (ORP) valuesanoxic OSPW at 20 °C were negative (T<27 mV, Bottom:
-206 mV) whereathosein 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 pasitiie well-
established thaiositiveORP supports the oxidation of organics; whereasemtivevaluebelow
-200 mV facilitates methanogenesis at high rates that allow the transformation of organics in a
syntrophic mannegfArslan et al., 2022)The initial pH values oall OSPWsamples at 20C were

approximately 8.7 due to the presence of sodium hydrarddd in the extraction of bitumeig.
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4.10. A minimal decrease in pH was obsenadter ozonation, resulting in the initial pH 85

for the ozonated OSPWwhich could be attributed to the buffering effect of bicarbonate ions
present in OSPWSimilarly, the limited impact of ozonation on pH of OSPW was also reported
by Zhang et al. (201&nd Martin et al. (2010Yhe pH values of all OSPW samples were relatively
stable during the storage at 20. For OSPW samples stored af@, both raw and ozonated
OSPW had higher DO thahe OSPW stored at 20C (Fig. 4.19. It is welkknown that DO is
temperaturaependent and water in lower temperature water would hold mor@tCher and
Covington, 1995)In addition, similar ORP valuesase 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 hadinimal impact on the pH of OSPW, which led to similar pH

values between OSPW samplesetioat 4°C and OSPW samples stored at°’®Fig. 4.19.
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Figure 4.1 DO and pH of OSPWinder different conditions: (a) DO of OSPW samples stored at
20°C; (b) pH of OSPW samples stored at°Zx) (c) DO of OSPW samples stored &G} (d)

pH of OSPW samples stored at@

Theremoval of COD, DOCand turbidity were studied to determine the basic water quality
of OSPW duringhe 4-year storage under different conditiofsg( 4.2. The initial COD in raw

OSPW, OSPW stored at oxic condition and OSPW stored at anoxic conditior?0ri@awrere at
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around 210.0 mg/lwhereas the initial COD reduced to 197.3 mg/L in OSPW after ozonation pre
treatmentifig. 4.29. Similarly, lower initial DOC was alsfmund in ozonated OSPW (60.7 mg/L)
compared to initial DOC in other OSPW (62.0 mg/L) under room temperdtige4(20). The

COD decreased gradually in all reactors stored aC20educing tol57.1 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 thefinal concentration of 50.8 mg/{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 OSP¥diad/est

initial COD and DOC values artdehighest decrease in baththem indicating he positive effect

of mild ozonation as a piteeatmenton removng COD and DOCirom OSPW, whicthas been
reported in previous studi¢lslam et al., 2014a; Shi et al., 2015; Zhang et al., 20d&ddition,

the COD reached a plateau in all reactors stored &€ 2fiter 2.5 years and the DOC reached the
plateau in all reactors stored atZDwithin two years. Our results of COD and DOC demonstrated
that the limited change (< 30%) of COD and DOC would occuabrstored OSPW samplas

20 °C, especially under anoxic condition, and the organic coménainstable in aged OSPW

(>3 years), which is consistent with the observation in ndguaiged OSPW in isolated oil tailings
ponds (> 10 yeargBrown et al.2013) Unlike COD and DOC, turbidity in OSPW samplésy(

4.2¢ stored at 20C 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 unér 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 patrticle

settling via particle destabilization and aggregafidret al., 2009; Liang et al., 2014; Liu et al.,

115



2007) Several mechanisms of ozeassisted particle destabilization and aggregation have been
proposed, such as in sipmoduction ofcoagulants by released oxidized metal ions from ozone,
inducing polymeation of natural organic matter to form aggregates, and increasing carboxylic
acids on solid surfasdo produce greater aluminum, magnesium, and calcium association that
enablesprecipitation of metal humate compleX&hheda and Grasso, 1994; Reckhowal.e 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 rav and ozonated OSPW stored af@, no remarkable decreasé< 10%) were
observed in COD and DOC duritige 4-year storageHig. 4.2d. 4.2F suggesting that the aging
effect of 4year labaged OSPW stored af€ would be minimunfor anytreatmenthat the water
might undergo Additionally, a slight reduction of turbidity removal was found in raw and
ozonated OSPW stored at°@ (~ 90%) Fig. 4.2) whencompaed with turbidity removal in
OSPW stored at 20C (> 95%). The significant change of turbidity @SPW samples at both
temperatures suggested that it is essential to mix OSPW before taking samples for testing. It is
worth notng that ozonated OSPW had higher reducioh COD (7.3%), DOC (6.9%) and
turbidity (90.1%) than the reductisrobservedn raw OSPW stored at 4C (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 studynaagreement with
previous researalthich observed positive effect of ozonatioon particle removal in a pilot plant,

even at low temperatures in the range of B@’C (Jasim et al., 2008)
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Figure 4.2 Chemistry of OSPW stored at 20 °C: (a) COD, (b) D@ 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 ifrig. 4.3 OSPW with ozonation preeatment had theighest removal of
total and classical NAs at 2C, decreasing from 40.4 mg/L to 11.1 mg/L (72.6%Yy(4.33, and
from 22.5 mg/L to 1.8 mg/L (91.9%lr(g. 4.3h), respectively. For other OSPW sampdesred at
20 °C, the removal of total andassical NAsshared the same ordexic OSPW > raw OSPW >

anoxic OSPWIt is suggested that biodegradation is responsiblinératural attenuation of NAs
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in aged OSPWHan et al., 2009; Quagraine et al., 200%ahetics analysis was performéar
biodegradation of total NAs and classiddAs in each OSPW sample stored at 20, the
corresponding rate constantgre calculated [Fig. A.3), andthe degradation halfives for NAs
aresummarized inmable. 4.2 The shortest halife for both total (474.8 days) and classical NAs
(266.6 days) were observed in ozonated OSPW, indicatingrfegirating mild ozone witkhe
biological processcan effectively enhance the removal of NAs from OS@ZWang et al., 2019)

It has been prewusly reported that the halife of classical NAs inan OSPW sample with
combined treatment of midzonation and aerobic biodegradation was within the range-6548
days (Martin et al., 2010). The longer REf¢ of classical NAs ob=rved inthe ozonated OSPW
in this study could be due tower concentrations ahdigenous microorganissrin the OSPW
samplesin oxic OSPW, lhe halflife for classical NAs was 346.6 days, whichnsaccordance
with the earlier study where a hdife of 203315 days was observeduring aerobic
biodegradation of classical NAs (Mahdavi et al., 20Hgwever, por degradation of total and
classical NAs were found in anoxic OSPWIth the longest haHllivesof 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 classichlAs. As shown inFig. 4.3¢4.3f, the concentrations of oxidized
NAs in all OSPW samples stored at ZDwere found to be lower thahoseof classical NAs, in
the following order: @NAs > ui-NAs > Os-NAs > Gs-NAs. This result is consistent with the
earler findings that classical NAs atke dominantNAs 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 2C, with Oz-NAs 71.5%, @-NAs 40.7%, @-NAs 35.8% and Q-NAs 27.7%
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in raw OSPWfollowed by oxic OSPW (@NAs 68.2%, G-NAs 32.9%, G-NAs 32.5%, @NAs
27.6%), ozonated OSPW £DlAs 64.0%, @-NAs 30.0% , @NAs 27.0%, @-NAs 25.9%), and
anoxic OSPW (&@NAs 64.2%, G-NAs 32.5%, GNAs 22.5%, @NAs 17.4%). The
comparatively high removal of &NAs, limited removal of @NAs and G-NAs, and lowest
removal of @-NAs could be due to thgreferentiabiodegradation ofompounds with low carbon
numberandcyclicity (Scott et al., 2005; Zhang et al., 201&)dahigher degree of alkyl branching
and oxygenatiom 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 oxidizedHdAs comparable to
oxidized NAs removain both the oxic and ozonated conditions, implying that certain
microorganisms dive under anoxic conditions are capable of metabolizing oxidized NAs (Xue et
al., 2018). In fact, somé-Proteobacterichave been reported to possesss the capability to
concurrently denitfy and metablize rea@lcitrant hydrocarbons (Xue et al., 2016). More detailed

discussion on microbial community structurefoisndin section 4.3.2.

Compared t®SPW samples stored2 °C, amuch smaller amount of NAs was removed
in both raw and ozated OSPW at 4C, with a removal efficiency of total NAs recorded at 29.6%
and 32.8%, respective(¥ig. 4.3g4.3]). The resultslemonstrated tha&mperaturein 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) beforeexperiments, which is a common practice in moSP®/ studies
(Abdelrahman et al., 2023; Arslan et al., 2022; Huang et al., 2b@ine with the results obtained
from OSPW samples stored at 20, ozonation could also enhance the degradation for both total
and classical NAs at °C. However, there waso dramatic difference in the removal of oxidized

NAs between raw and ozonated OSBiéed a# °C.
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To better understand of the different characteristics of aged OSPW in field candittbn
in controlled laboratory settisgtheremoval of total NAs in OSPW aged in the reclamation pond
and in the laboratory were compared able 4.3t is interesting to note that the removal of total
NAs in 4 yearsaged OSPW at 2TC in the laboratory (highest 72.6%) is higher than that in OSPW
aged over 10 years in the reclamation ponds (highest 43r8digating that controlled laboratory
settings can be more efficient in removing NAs from OSPW timasitu field conditions
Furthermorethe estimatedh situ degradation halfives for total M\s in the field were between
12.8 and 13.6 yeaf$lan et al., 2009which is considerably longer thaine longest halfife for
total NAs in labaged OSPVWf 877.4 days (~3 years) at 20. This could be due tihedifferences
in environmental factors amdiegradation mechanisms betwdatd 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-ampartitioning in summertime.
In contrastbiodegradation is likely the mamechanisnifor 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 irDSPW: (a) total NAs in OSPW stored at 20 °C; (b) classical NAs
in OSPW stored at 20 °C, (c) @BAs in OSPW stored at 20 °C; (d) O¥As in OSPW stored at
20 °C; (e) OBNAs in OSPW stored at 20 °C; (f) @As in OSPW stored at 20 °C; (gptal

NAs in OSPWstored at 4£°C; (h) classical NAs in OSPWtored a# °C, (i) Os-NAs in OSPW
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