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REPORT SUMMARY

The oil sands bitumen extraction process results in the creation of waste products including oil
sands process-affected water (OSPW) and mature fine tailings (MFT). Many technologies are
currently under investigation to treat these waste products that are currently contained in vast
storage ponds. Biodegradation is a promising treatment method, however, the current
biodegradation rates for indigenous bacteria in storage ponds are very slow and need to be
enhanced for this process to be considered viable. The BioTiger™ consortium has been
successfully used for the treatment of oil contaminated soils making it a potentially useful
bacterial assemblage for the treatment of both OSPW and MFT.

In this study, BioTiger™ was not successful for treatment of OSPW after 24 h experiments at 8,
22 and 35 °C. Results for toxicity to V. fischeri were inconclusive, while there was no reduction
in either the acid extractable fraction (AEF) or the naphthenic acid (NA) contents. The MFT
experiments have not commenced as of yet due to the unavailability of some samples. These
experiments will start in January 2015 and run for approximately four months. It is expected that
the longer duration will allow the BioTiger™ to biodegrade organics in the MFT.

Although the current OSPW experiments did not produce anticipated results, further research is
planned to better assess the ability of BioTiger™ to degrade OSPW organics. These
experiments will include longer experimental durations, higher initial bacterial concentrations
and/or amendment with easily degradable organics. These new conditions should aid the
consortium to better acclimate to, and degrade, recalcitrant OSPW organics.
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1 INTRODUCTION

Alberta is the global leader in the development of oil sands. Extensive work has been done by
industry, government and communities towards an environmentally sustainable oil sands
development. The Alberta Energy Strategy (Government of Alberta 2008) illustrates the
government’s commitment to a responsible development of energy resources that balances
economic growth and environmental protection. The Water Management Framework (Alberta
Environment and Fisheries and Oceans Canada 2007) limits water withdrawal from the
Athabasca River, especially during low flow periods, and encourages the industry to reduce
water demand through recycling. Environmental operating approvals require that water
produced from oil sands operations cannot be discharged directly into the environment unless
authorized by the approval®, thus requiring storage in tailing ponds. Tailings generated from oil
sands processing are mainly composed of suspended and dissolved particles, natural organic
matter, unrecovered hydrocarbons, trace metals and many other toxic compounds such as
naphthenic acids (NAs) which could have significant environmental and social impact in the
vicinity of discharge areas.

The oil sands regions in northern Alberta contain the world’s third largest proven oil reserves of
over 170 billion barrels that in 2010 were extracted at a rate of over 2 million barrels per day
(Giesy et al. 2010). This production is expected to surpass 3.5 million barrels per day by 2020.
Overall, the bitumen extraction process associated with mining operations produces over

1 million m® per day of fluid fine tailings that is stored in vast tailings ponds which eventually
need to be treated (Siddique et al. 2014). The reuse of this oil sands process-affected water
(OSPW) leads to the reduction of fresh water needed, while consolidating the mature fine
tailings (MFT) in tailings ponds both increase the available storage and further reclamation
efforts for the over 182 km? of tailings ponds (Alberta Environment and Sustainable Resource
Development 2013). The Energy Resources Conservation Board (2009) requires oil sands
mining companies to significantly reduce fine particles in liquid tailings and make tailings solids
ready for reclamation in the near future.

The treatment of OSPW has been investigated using various methods including advance
oxidation processes, biodegradation, membranes, and adsorption; these treatments are aimed at
reducing NAs which have been attributed to OSPW toxicity (Drzewicz et al. 2012, Gamal EI-Din
etal. 2011, Pereira et al. 2013, Wang et al. 2013). In addition, natural MFT consolidation is a
very slow process that needs to be accelerated. Accelerated dewatering and detoxification has
been investigated by evaluating the biodegradation of various organics by microbial
communities found in tailings ponds (Fedorak et al. 2002, Holowenko et al. 2000, Penner and
Foght 2010, Siddique et al. 2007) and promoting their activity using methods including addition
of larger organic size fractions, binders such as gypsum, and addition of labile organic substrates
(Siddique et al. 2012, 2014, VVoordouw 2012). The ability to use a single biological consortium,

! See, for example, Suncor approval clauses 4.2.1 and 4.2.8 https://avw.alberta.ca/pdf/00000094-02-00.pdf
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such as the proposed BioTiger™ 2 community, would be beneficial for its ability to
simultaneously treat both OSPW and MFT.

11 Motivation

BioTiger™, and associated extracellular polymeric substances created by this consortium, have
the potential to degrade OSPW and MFT organic compounds and coagulate/flocculate fine clays
and adsorb cations from OSPW and tailings, thereby reducing tailings volumes and facilitating
existing OSPW and tailings treatment. Aeration, mixing and bulk transport that traditionally
enhance bitumen recovery and tailings capture can also promote microbial activity in
bioreactors. By regulating these bioprocesses, a continuous production of desired by-products
and extended durations for microbial activity can be achieved without the continued renewal of
microbial biomass. This outcome can be achieved through an in-line bioreactor that has
microbial recycling. Should the microbial consortium be released from the bioreactor they may
continue to actively participate in bioremediation of the OSPW and tailings solids in dedicated
disposal areas.

Thus, the proposed OSPW and tailings bioprocessing technology can help provide cleaner
energy production using natural microbial processes to potentially replace and/or minimize
chemical additives, and allow bioremediation and soil reclamation. Along with the potential of
having enhanced tailings capture, this integrated approach addresses environmental issues such
as reducing water use, improving water quality (reduced fines, organics and cation content),
facilitating tailing reclamation and minimizing the impact on local ecosystems.

1.2 Advantages of BioTiger™

BioTiger™ shows rapid and complete degradation of aliphatic and aromatic hydrocarbons,
produces copious amounts of novel surfactants, is tolerant of both chemical and metal toxicity
and has demonstrated high metabolic activity at temperature and pH extremes. Although
originally developed and used by the U.S. Department of Energy for the bioremediation of oil-
contaminated soils, recent efforts have proven that BioTiger™ can also be used to increase
hydrocarbon recovery and degradation from oil sands tailings, as well as effectively treat OSPW.
This enhanced ex situ oil recovery process utilizes BioTiger™ to optimize bitumen separation.
For example, a floatation test protocol with oil sands (Shell Canada) from Fort McMurray was
used for initial BioTiger™ evaluation. A comparison of hot water extraction/floatation test of
the oil sands performed with and without the addition of BioTiger™ demonstrated a

50% improvement in separation as measured by gravimetric analysis in 4 h and a five-fold
increase at 25 hrs. Since BioTiger™ performs well at high temperatures, it can potentially be
applied in wastewaters at elevated temperatures to enhance recovery of hydrocarbons from oil
sands, process tailings, or other complex recalcitrant matrices. Advantages of natural bacterial
products are their biodegradability, synergistic activity, and negligible toxicity.

2 See http://techportal.eere.energy.gov/technology.do/techiD=326
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Moreover, BioTiger™ can degrade toxic compounds in the tailings as proven with other
complex matrices (Berry et al. 2006). Although mechanisms for some of these processes have
been investigated in the laboratory, the information on precise conditions operating in the
environment is limited. Moreover, intrinsic microbial activity in the oil sands setting, for
example tailing ponds, is known as a long-term, and to certain extent uncontrolled, event. We
believe that the application of the well-designed microbial consortium organized in an
engineered bioreactor may improve in situ activity.

1.3 Objectives

This research program evaluated the use of BioTiger™™ for an innovative engineered bioprocess
using microbial activity for the treatment of oil sands process-affected water (OSPW). The team
included established researchers from the University of Alberta and the Savannah River National
Laboratory (SRNL) and combined expertise in petroleum engineering, petroleum and
environmental microbiology, chemical and environmental engineering, and biotechnology to
conduct interdisciplinary research to improve our fundamental understanding of OSPW and
MFT treatment using a biological consortium (BioTiger ™).

Current oil sands processing technologies result in the generation of stable dispersions of fine
solids which impact bitumen recovery and tailings reclamation. Typically, bitumen and other
toxic compounds remain chemically bound and become long-term sources of soil, air, and water
pollution. We proposed a novel environmentally friendly biotechnology that can be used to
improve bitumen recovery, tailings dewatering and sedimentation through natural bioprocesses.
The core element of the this technology is the BioTiger™ multispecies microbial consortium
(US Patents No. 7,472,747 B1 — Brigmon and Berry (2009) and No. 7,473,546 B2 — Brigmon et
al. (2009)) isolated from a century-old oil refinery in Europe. This bacterial consortium
produces a variety of enzymes and metabolites (surfactants, solvents, and polymers) that provide
the potential ability to remediate recalcitrant polycyclic aromatic hydrocarbons (PAHS),
naphthenic acids (NAs) and heavy metals; flocculate/coagulate clay fines and cations; and alter
interfacial forces between bitumen, solids and water. BioTiger™ can thrive in extreme
environments (e.g., temperature) during bitumen and tailings processing, and maintain sufficient
microbial activity to remove hydrocarbons bound to solids in tailings, therefore, allowing settling
and separation of solids.

The objective of this project was the understanding of the bioremediation parameters of
BioTiger™ for OSPW and MFT and how they can be optimized for more efficient treatment.
We applied BioTiger™™ for the treatment of OSPW (and will be doing so for MFT) from
different oil sands companies with simultaneous tailings settling, hydrocarbon
recovery/degradation, and reuse and/or remediation of the water. The specific objectives were as
follows:

1. Develop BioTiger™-based bioprocess for OSPW treatment, naphthenic acid and
hydrocarbon recovery/degradation, and tailings capture.

2. Optimize BioTiger™-based bioprocess to environmental conditions
(e.g., temperature) observed during OSPW and MFT processing and treatment.



Objective 1

Oil sands process-affected water from four oil sands companies (Syncrude Canada Ltd., Suncor
Energy Inc., Shell Canada, and Canadian Natural Resources Ltd.) was used to assess the efficacy
of the BioTiger™ community. The MFT was treated with microbial cultures in column tests and
then collected and analyzed for:

1. bacteria interaction with tailing compounds,

2. bitumen content and floatation,

3. liquid/solids separation (i.e., densification), and

4. quality and quantity of solid deposit and recovered water.

The toxicity of the samples was determined before and after the bioprocess. The OSPW was
tested for reduction of the acid extractable fraction (AEF), naphthenic acids and toxicity.

Objective 2. A variety of environmental conditions associated with oil sands operations,
including temperature and viscosity variation were addressed. The characterization of microbial
activity and tailing behavior was performed with the experimental procedure described above.

2 METHODOLOGY

21 BioTiger™ Culture

A stock BioTiger™ culture was prepared at the Savannah River National Laboratory using MFT
mixed with a Bushnell-Haas medium?®. The culture was delivered on ice to the University of
Alberta in 50 mL vials and stored at 4 °C until used.

Two aliquots of a Bushnell-Haas medium were prepared by suspending 1.64 g of Bushnell-Haas
broth in 500 mL of distilled water within a 1 L flask and stirring until completely dissolved. The
solution was sterilized by autoclaving at 15 psi and 121 °C for 15 min. To each flask about

25 mL of the BioTiger stock solution, 0.5 g yeast extract (carbon source), and 0.5 g of MFT
(hydrocarbon source) were added and the flasks placed on an orbital shaker at 150 RPM at room
temperature (20 £ 1°C) for seven days to allow for bacterial growth. After this incubation time
the bacterial cells per mL were assessed by measuring the transmittance at 600 nm with a known
value for 10° cells/mL of 0.13 to 0.14. The cells/mL values were confirmed using plate counts.
The culture (at 10° cells/mL) was used for seeding of OSPW experiments as outlined below (the
same methods will be used to prepare the cultures for the MFT experiments).

2.2 Experimental Scheme

Information for OSPW and MFT samples along with acronyms used in this study are included in
Table 1. Four individual OSPW and three MFT samples have been considered for use in the
current experiments. Overall, OSPW and MFT samples show marked variability in physico-

% See https://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Fluka/Datasheet/b5051dat.pdf
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chemical parameters making experiments using individual samples less applicable to the other
samples (Drzewicz et al. 2012, Gamal EI-Din et al. 2011, Wang et al. 2013). By using multiple
samples for OSPW and MFT a true representation of the ability of BioTiger™ to treat the
various matrices will be elucidated.

Table 1.

OSPW and MFT sample sources.

Matrix | Sample Acronym
OSPW | Canadian Natural Resources Limited CNRL
Shell Canada SHLL
Suncor Energy Inc. SUNC
Syncrude Canada Ltd. SYCD
MFT Shell Canada SHLL
Suncor Energy Inc. SUNC
Syncrude Canada Ltd. SYCD

The overall experimental scheme for both OSPW and MFT samples is shown in Figure 1. Three
temperatures were chosen for each set of experiments:

The lowest temperature (8 °C) was chosen to closely simulate the lowest temperature
of tailings ponds in the winter months which is most applicable to the OSPW.

22 °C (room temperature) was chosen given the temperatures recorded in actual
tailings ponds approximate this temperature for both OSPW and MFT (Fedorak et al.
2002, Holowenko et al. 2000).

An elevated temperature (35 °C) was chosen to approximate the temperature of
freshly received tailings water coming directly from the bitumen extraction process.



Cold incubator at 8 °C Lab room at ~22 °C

M
®© 00 s
M T
F
000
0 O :
S
P
w

Warm incubator at 35 °C @ @ @ @

CNRL SHLLSUNC SYCD

Large columns

()

Figure 1.  Schematic of OSPW and MFT experiments at three temperatures (8 °C, 22 °C and
35 °C).
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2.3 Oil Sands Process-Affected Water Experiments

The OSPW experiments included control (no BioTiger™) and treatment (with BioTiger™)
flasks used to determine the efficacy of the BioTiger'™ consortium for reducing toxicity, AEF
and NAs over 24 hours at various temperatures. The procedure for these experiments included:

1. 100 mL of OSPW samples for each of CNRL, SHLL, SUNC, and SYCD were added
to four 250 mL flasks (1 control; 3 treatment replicates) for a total of 16 flasks (see
Figure 1 for schematic).

2. A1 mL aliquot of BioTiger™ at 10° cells/mL was added to treatment replicates for a
final concentration of 10" cells/mL.

3. All samples were placed on an orbital shaker at 150 RPM at 8 °C for 24 hours
(Figure 2).



Figure 2.  Experimental shaker setup for OSPW treatments at three temperatures (8 °C, 22 °C
and 35 °C).

4. After 24 hours, samples were distributed for analyses (see section below) as follows:

a. NAs HRMS analysis = treatment samples were pooled with a 1 mL aliquot from
each treatment (3 mL total) placed into a 5 mL vial and stored at 4 °C until
analyzed

b. Microtox® analysis > a 5 mL aliquot was placed into a 10 mL vial and analysis
completed immediately

c. FTIR analysis = the remaining sample (~93 mL) was filtered using a 0.45 pum
nylon membrane and stored at 4 °C until extracted within 48 hrs

5. Steps #1 to #4 were repeated at 22 °C and 35 °C.

2.4 Toxicity Quantification using Microtox®

The toxic effects of untreated and treated OSPW and MFT samples toward Vibrio fischeri* were
measured using a Microtox 500 Analyzer (AZUR Environmental, Carlsbad, CA, USA) and the
81.9% screening test protocol (AZUR Environmental, Microtox Omni Software). All required
analytical materials were purchased from Azur Environmental. The percentage of inhibition
after incubation and the inhibitory volume percent concentration required to decrease the

4 See https://microbewiki.kenyon.edu/index.php/Vibrio_fischeri
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bacterial luminescence by 50% (1C50°) were calculated from the change in luminescence
intensity at 5 minutes and 15 minutes.

2.5 Acid-Extractable Fraction Quantification

About 90 mL of OSPW for each sample was filtered through 0.45 um Nylon filter (diam.

47 mm) (Sigma-Aldrich). A 50 mL aliquot was placed into a 100 mL beaker and the pH
adjusted to 2.5 using 2M H,SO,4. Samples were transferred into individual 250 mL separatory
funnels and 25 mL of dichloromethane (DCM) was added. Samples were mixed well by shaking
the separatory funnel vigorously for 2 min with frequent opening to release generated gases. The
mixture was allowed to separate (~ 4 min) and the bottom layer containing the DCM extract was
separated into a 50 mL glass vial. This process was repeated with a second 25 mL aliquot of
DCM. The resulting 50 mL of DCM was evaporated under a gentle stream of air overnight in a
fume hood until complete dryness. The dried sample and vial mass were place on an analytical
balance and tared prior to adding 5.0 to 7.0 g of DCM to re-dissolve the extracts. The exact
weight of the added DCM was recorded for the calculation of the AEF concentrations. A 3 mm
calibrated KBr cell was used for the FT-IR analysis using an FT-IR spectrometer (PerkinElmer:
Spectrum 100, ON, CA). The absorbance of the monomeric and dimeric carbonyl stretch
equivalents were measured at 1,743 and 1,706 cm™ respectively. A calibrated absorbance curve
was prepared using a Fluka (Sigma-Aldrich) NA mixture. The actual concentration of AEF in
the sample was calculated based on the mass of DCM optima, total height of peaks (peaks at
1,743 and 1,706 cm™) and the volume of the original sample using the standard curve produced
with the Fluka NA mixture.

2.6 Naphthenic Acids Quantification by HRMS

NA samples were quantified using a high performance liquid chromatograph coupled to an ion
trap mass spectrometer (HPLC/MS) (Varian500-MS) equipped with a Phenomenex Cg column as
described by Afzal et al. (2012). The separating method was: mobile phase A: 100% methanol,
and mobile phase B: 4 mM ammonium acetate (aqueous) with 0.1% acetic acid, gradient elution
from 45% to 15% of mobile phase A over 30 min and returned to 45% of mobile phase A for

10 min. The flow was 200 pL min™ with 20 pL injection volume, and column temperature was
40 °C. The detection limit expressed as the lowest concentration 3 times higher than the noise
level for the HPLC/MS method ranged from 0.02 to 0.1 ppm.

2.7 Mature Fine Tailings Experiments

Unfortunately the MFT experiments were delayed due to the inability to acquire tailings from
two of the suppliers. These experiments will commence once the MFT samples are available
with an estimated start in January 2015. As with the OSPW experiments, Microtox®, AEF and
NAs results for released porewaters will be used to determine the efficacy of the BioTiger™
consortium once adequate porewaters are available.

5 See http://en.wikipedia.org/wiki/IC50
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The MFT experiments will include control (no BioTiger™) and treatment (with BioTiger ™) 2 L
columns to determine the efficacy of the BioTiger™ consortium for reducing toxicity, AEF and
NAs at various temperatures. Larger control and treatment columns will be considered for the
SHLL MFT only at room temperature. The procedure for these experiments includes:

1. A 250 mL aliquot of BioTiger™ at 10° cells/mL will be added to 20 L of MFT in
25 L pails for SUNC and SYCD samples and three 20 L MFT in 25 L pails for
SHLL for a final concentration of 10’ cells/mL in treatment samples.

2. Control samples will be prepared using 6 L of MFT in 10 L pails for SUNC and
SYCD and 26 L in two 25 L pails for SHLL.

3. Control and treatment samples will be aerated and mixed for 24 h prior to
distribution into settling columns.

4. Control and treatment samples will be distributed into 2 L graduated cylinders
(Figure 3) according to the schematic shown in Figure 1 for each of SHLL, SUNC
and SYCD.

8.5cm

53 cm

-

Figure 3. MFT treatments at three temperatures (8 °C, ~22 °C and 35 °C) for 2 L graduated
cylinders including schematic of column dimensions.

5. Control and treatment samples will be distributed into 20 L columns (Figure 4)
according to the schematic shown in Figure 1 for the SHLL sample only. The
columns will be sealed on the top with a 5 L Tedlar bag attached to the top port for
capture of released gases.



Figure 4.

4
150 cm L €

Example large settling column (20 L of MFT) image and schematic for the room
temperature (~22 °C) settling columns.
1: Tedlar sampling bag; 2: porewater sampling port; 3,4,5: MFT sampling ports

The 2 L samples will be monitored weekly for settling by measurement of the mud
line.

The 20 L columns will be monitored weekly (up to 4 months) for settling by
measurement of the mud line. In addition, the gas production quantity and
methane/carbon dioxide concentrations will be measured when the 5 L Tedlar bag is
full (Figure 4). The bag will be replaced with a new bag when sampled and the gas
production monitored until complete.

Once appreciable porewater is available in 2 L and 20 L columns, samples of the
waters will be distributed for analysis (see section below) as follows:

a. NAs HRMS analysis - 2 mL aliquots from each treatment replicate were placed
into a 10 mL vial and mixed. A 2 mL aliquot for each control was placed into a
5 mL vial. All samples were stored at 4 °C until analyzed

b. Microtox® analysis = a 5 mL aliquot was placed into a 10 mL and analysis
completed immediately

10



c. FTIR analysis = the remaining samples (~93 mL) was filtered using a 0.45 pm
nylon membrane and stored at 4 °C until extracted within 48 hrs

2.7.1  Methane and Carbon Dioxide Quantification by GC-FID

Methane (CH,) and carbon dioxide (CO,) samples will be collected from each of the large
columns in 5 L Tedlar bags until bags became full. The CH, and CO, concentrations will be
determined using a VVarian GC-FID fitted with an HP-Plot U bonded divinylbenzene/ethylene
glycol dimethacrylate column (30 m X 0.32 mm ID) with helium carrier gas (30 mL/min). The
oven temperature will ramp from 35 °C (5 min hold) to 225 °C at 20 °C/min.

2.7.2 MFT Solids Consolidation

The height of the mud line will be used to determine the solids consolidation and porewater
recovery as per Siddique et al. (2014) according to the following set of equations:

V =nr?h (1)
W, = (“:—) x 100 )
Consolidation (%) = [(Vin — Viurr)/Vinl X% 100 (€))

Where
V = volume of cap water or MFT,
r = inner radius of column,
h = height of mud line,
r = Water recovery percentage,
V. = measured volume of cap water,
Vi = initial volume of pore water,
Vin = initial volume of MFT, and

Vuer = measured volume of MFT.
3 OSPW RESULTS AND DISCUSSION

3.1  Microtox® Results

Typically greater than 50% inhibition after 15 minutes of exposure is considered to be the
threshold for toxicity for V. fischeri. The OSPW samples showed variable impacts on V. fischeri
with the SHLL and SYCD samples (both before and after treatment) showing inhibitions
approaching or exceeding 50% for the majority of the samples (Table 2). In contrast, both the
CNRL and SUNC samples had lower inhibitions that were well below the 50% threshold,
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although still significant as 0% inhibition would be expected for contaminant-free water samples.
Previous reports on OSPW toxicity have indicated similar toxicity ranges for OSPW samples,
both above and below the 50% threshold (Klamerth et al. 2015, Nian et al. 2014, Wang et al.
2013).

Table 2. Microtox® results after 5 and 15 minutes for each of the four OSPW samples.
Control: n = 1; Treatment: n = 3; SD = standard deviation; avg = average.

Sample % Inhibition (5 min) % Inhibition (15 min)
Temperature (°C) 8 22 35 8 22 35
Control 325 30.3 25.7 35.6 344 28.5

CNRL | Treatment (avg) | 33.6 32.5 34.4 35.6 35.7 36.6
Treatment (SD) 0.8 0.2 5.6 0.9 0.5 55

Control 62.8 55.2 51.9 67.2 61.5 57.3

SHLL | Treatment (avg) | 61.5 56.0 51.6 64.2 60.8 55.4
Treatment (SD) 1.6 1.2 1.3 1.6 1.0 2.3

Control 17.9 154 15.3 22.0 19.1 15.7

SUNC | Treatment (avg) | 19.7 19.0 18.5 22.1 21.1 17.9
Treatment (SD) 0.7 0.8 1.1 1.2 1.6 1.2

Control 49.3 45.4 49.2 52.6 48.4 51.1

SYCD | Treatment (avg) | 48.6 46.4 52.9 50.2 46.7 54.1
Treatment (SD) 0.7 2.5 1.1 04 2.1 1.1

At 8 °C, the toxicity of the SHLL and SYCD treatments at 15 min was significantly reduced
after treatment (Figure 5). This reduction in toxicity indicates that the BioTiger™™ consortium
was successful in reducing the toxicity in the OSPW samples containing the highest initial
toxicities, but not in the lower toxicity samples (CNRL and SUNC). Previous studies assessing
toxicity reduction using V. fischeri following biodegradation of OSPW are not available,
however, larger reductions in toxicity have been shown in ozonation studies (Gamal EI-Din et al.
2011, Wang et al. 2013).

At 22 °C and 35 °C, a total of five out of eight samples showed increased toxicity of BioTiger™
treated OSPW treatments at 15 min (Figure 5). This result was unexpected, however, it may be
attributed to the degradation of OSPW compounds into more toxic by-products after treatment
with the bacterial consortium. The toxicity of the control (raw OSPW) varied depending on the
treatment temperature (generally decreasing with increasing temperature), thus the impact of
temperature on the toxicity must be further investigated. Experiments of increased duration may
be useful in determining if the toxicity will continue to show similar trends after longer time
available for biodegradation by the BioTiger™™ consortium.
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Figure 5.  Toxicity to V. fischeri for each OSPW before (control) and after treatment at various
temperatures.
Control: n = 1; Treatment: n = 3; error bars represent standard deviations.

3.2 Acid Extractable Fraction Results

The AEF varied markedly between the various OSPW samples, with treatment averages of
53.2+1.1,48.3+2.2,31.3+2.3,and 71.3 + 6.3 mg/L (£SD) for CNRL, SHLL, SUNC, and
SYCD, respectively. Asthe OSPW ages, the AEF decreases as the organics are slowly
degraded. The SUNC samples had the lowest AEF being the oldest samples processed, while the
SYCD samples were fresh OSPW having the highest AEF. It should be noted that the AEF
between the OSPW samples is not expected to be constant as the samples are a result of various
processing and bitumen sources. Overall, there was no impact on the AEF after treatment with
BioTiger™™ for 24 h (Figure 6). Given the reduction in toxicity results, reductions in the AEF
were expected for the 8 °C treatment. Even if compounds are degraded, they may not be
completely mineralized and may still be measured as AEF despite having reduced toxicity. It
should be noted that the AEF measures all compounds with functional groups containing
carboxylic acids, ketones, and aldehydes; it cannot be used as a direct measure of NA
concentrations. However, AEF values are commonly used as a surrogate measure for NAs by
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the oil sands industry. To determine if the bacterial consortium can degrade the AEF, further
OSPW experiments of longer duration should be conducted.
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Figure 6. The AEF for each OSPW sample (CNRL, SHLL, SUNC, and SYCD) before
(control) and after treatment at various temperatures.
Control: n = 1; Treatment: n = 3; error bars represent standard deviations.

33 Naphthenic Acid Results

For the experiments conducted at 8, 22, 35 °C, the NAs varied markedly between the various
OSPW samples of CNRL, SHLL, SUNC, and SYCD (Figures 7, 8 and 9). The reasons for the
variation in NAs between the samples are analogous to the AEF discussed in section 3.2.
Overall, there was no impact on the NAs after treatment with BioTiger™™ for 24 h (Figures 7 to
9). These results were in agreement with the AEF results indicating the biological consortium
was not able to degrade organics within the 24 h experiment duration. Subsequent OSPW
experiments of longer duration should be conducted to determine if the bacterial consortium can
degrade the NAs.
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Figure 7. The naphthenic acid concentrations for each OSPW sample (CNRL, SHLL, SUNC,
and SYCD) before (initial control) and after (final) treatment at 8 °C.
NOTE: treatment samples were pooled for NAs analysis (see section 3.3).
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NOTE: treatment samples were pooled for NAs analysis (see section 3.3).
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4.1

4.2

5

CONCLUSIONS AND RECOMMENDATIONS

Conclusions for Oil Sands Process-Affected Water

Overall, the OSPW samples had a wide range of toxicity to V. fischeri and AEF and
NA concentrations. This variability of OSPW in the oil sands region confirms the
need for treatment processes to be applicable to a wide range of samples.
Alternatively, the treatment processes can be tailored to specific sample sites and/or
ponds.

The toxicity in some samples was higher after treatment than relevant controls.
These results were unexpected and need further assessment to elucidate the efficacy
of the consortium in impacting the toxicity.

The BioTigerTM consortium had no impact on reducing AEF and NAs in OSPW at
any of the experimental temperatures. Further experiments based on the
recommendations set out below should be considered to determine if the consortium
may be useful for OSPW treatment.

Recommendations for Oil Sands Process-Affected Water

The current experiments can be repeated with extended treatment duration of one
week to determine if BioTiger™ can degrade OSPW organics. Although the
BioTiger'™ was acclimated to the MFT for initial growth, the bacteria may need a
longer duration to acclimate to the organics available in the individual OSPW
samples.

A higher initial concentration of BioTiger ™ may be considered to potentially
improve the degradation ability.

A labile organic (e.g., acetate) can be added to aid in the synergistic degradation of
the more recalcitrant organics found in OSPW. This addition would be in
conjunction with extended treatment duration to improve the potential for
degradation of OSPW.
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6 GLOSSARY

6.1 Terms
Acid-Extractable Fraction (AEF)

The organic compounds that are extracted by dichloromethane at pH 2.5. These compounds
include naphthenic acids that are in protonated form and will favour the organic solvent phase.

Bioprocess

A process that uses biological cells and/or cellular components (e.g., soluble membrane
products) to mitigate the production of desired products (e.g., degradation of organics).

Microbial Consortium

A group of bacteria used in a bioprocess that have previously exhibited synergistic behaviour
making the group efficacy greater than the sum of the individual species.

Surfactant
A substance that tends to reduce the surface tension of a liquid in which it is dissolved
(e.g., naphthenic acids).

6.2 Acronyms

AEF Acid-Extractable Fraction

CNRL Canadian Natural Resources Limited

FTIR Fourier Transform Infrared Spectroscopy

GC-FID Gas Chromatography — Flame lonization Detector

HPLC/MS High Performance Liquid Chromatography Mass
Spectrometry

HRMS High Resolution Mass Spectrometry

IC50 Inhibitory Concentration (half maximal)

MFT Mature Fine Tailings

NAs Naphthenic Acids

OSPW Oil Sands Process-Affected Water

OSRIN Oil Sands Research and Information Network

PAHSs Polycyclic Aromatic Hydrocarbons

SEE School of Energy and the Environment

SHLL Shell Canada

SRNL Savannah River National Laboratory
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SUNC
SYCD

6.3 Chemicals
CH4

CO,

DCM

H,SO4

KBr

NaOH

Suncor Energy Inc.

Syncrude Canada Ltd.

Methane

Carbon dioxide
Dihloromethane
Sulphuric acid
Potassium bromide

Sodium hydroxide
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