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Abstract:

Meeting the current global market demand for critical metals will require an increase in
the number of mining operations in Canada. While mining will generate mine tailings, which can
be an environmental concern, tailings also present an opportunity for carbon sequestration and
metal recovery. Carbon sequestration in mine tailings can be implemented by using divalent
cations from the tailings to form stable carbonate minerals. Ultramafic mine tailings typically
contain an abundance of divalent cations, including various transition metals, that can be
incorporated into carbonate minerals. During this process, critical metal enrichments are
possible, and thus tailings may become valuable sources of metals as high-grade ore deposits
continually become less accessible for mining. Microorganisms, including cyanobacteria, can
contribute to carbonate mineral precipitation, however, this process is understudied with respect
to transition metal incorporation into biogenic carbonate minerals. This thesis explores the
application of these processes to ultramafic mine sites through two laboratory experiments using
a pure culture of cyanobacteria, Synechococcus leopoliensis. In the first experiment, a
biosorption study explores the metal sorption abilities of S. leopoliensis in a nutrient limited
environment. The second experiment examines the incorporation of transition metals into
precipitates during microbial mineral carbonation.

In Chapter 2, the ability of S. leopoliensis to remove Co?* and Ni?* from solution via
biosorption in a nutrient limited environment what tested in a lab experiment. Comparison
between nutrient enriched conditions and a nutrient deficient condition (simulating an ultramafic
mine site solution) was conducted in mono-metal and di-metal systems. The results revealed that
measured nickel and cobalt concentrations were lowest in the first 3 days of the experiment,
which indicates a fast metal removal rate. The biosorption of nickel and cobalt was upwards of
34.2-49.4% removal of metal from solution. Imposing nutrient limitations caused increased
production of extracellular polymeric substances (EPS), which can increase metal sorption, and
resulted in a decrease in measured nickel concentrations in solution in the di-metal system. The
findings from this experiment indicate that inducing additional stress through metal exposure and
nutrient limitations can increase the metal biosorption capacity of S. leopoliensis.

In Chapter 3, a microbially induced carbonate precipitation experiment was conducted to
test the incorporation of nickel and cobalt into biogenic calcium carbonate mineral precipitates.

These results are preliminary due to an experimental failure that occurred. Nevertheless, the
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measured concentrations of dissolved cobalt and nickel in solution indicated metal(s) removal
success of up to 89.5% and 94.5% in the first day after metal addition. Observation of the
biofilms using scanning electron microscopy (SEM) revealed nanometer-scale amorphous
calcium carbonate (ACC) precipitates. This preliminary result suggests that inducing calcium
carbonate precipitation may remove dissolved metals solution.

The results from Chapter 2 and Chapter 3 together reveal that S. leopoliensis can quickly
remove metals from solution, which could be applied to both metal recovery and remediation
projects. Data from this research could be applied to the development of photobioreactors at
ultramafic mine sites. The outcomes suggest that inducing nutrient limitation can enhance metal
removal by increasing metal binding through enhanced EPS production. The research presented
in this thesis will contribute to the development of sustainable mine operations, with the aim of
recovering metals from tailings, and lowering CO. emissions, thereby working towards net-

neutral mining operations.
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Chapter 1 Introduction

1.1 Thesis organization

This thesis is organized in four chapters, starting with an introduction of the research
topic. The second chapter presents an experiment studying the biosorption capacity of
cyanobacteria in a simulated ultramafic mining environment, primarily investigating changes in
the microbial extracellular polymeric substances (EPS) and the associated water chemistry. The
third chapter is a preliminary study that investigates the fate of critical metals during microbially
induced carbonate mineral precipitation. The forth and final chapter discusses and summarizes
both research chapters, and implications for future research and implementation for ultramafic

mining operations.

1.2 Background

Critical metals are an essential component of a wide range of technologies in the
renewable green energy industry. The demand for metals is increasing because of the transition
from fossil fuels to more sustainable alternatives to reduce carbon dioxide (CO2) emissions
(Ministry of Natural Resources and Ministry of Science 2023; McCutcheon and Power
2023). Therefore, the extent of mining operations within Canada will need to increase to meet
global market demands, resulting in a substantial increase in associated CO, emissions (Ministry
of Natural Resources and Ministry of Science 2023; McCutcheon and Power 2023). A challenge
various mines face is in mitigating anthropogenic CO. emissions while improving metal recovery
from tailings and waste rock. Implementing mineral carbonation for critical metal recovery is
attractive alternative solution for mines to addresses both challenges simultaneously (Wilson and
Hamilton 2022).

1.2.1 Carbon sequestration in an ultramafic mine operation
Carbon sequestration is a method for reducing anthropogenic CO2 emissions by capturing

and storing CO> using carbon capture systems, direct air capture, or even enhanced weathering
reactions (Power et al. 2013; Smith et al. 2016). These technologies can be applied at mine sites,
and Canada intends to lower its CO2 emissions by applying these technologies at suitable mine
sites (Natural Resources Canada 2023). Enhanced weathering can occur in mine tailings, the
waste milled rock remaining after mining, during which atmospheric CO- can react with the

weathered minerals to form secondary minerals (Wilson et al. 2009; McCutcheon et al. 2014,



Bullock et al. 2021). The estimated removal of atmospheric CO2 by implementing carbon dioxide
removal technology in ultramafic-mafic tailings is 93-465 Mt of CO2 annually (Bullock et al.
2022). Critical metals within these tailings can be immobilized as the mineral carbonation is
occurring (Kandji et al. 2017; Hamilton et al. 2020; Bullock et al. 2021; Wilson and Hamilton
2022,). Integrating biogeochemical processes paired with mineral carbonation in tailing materials
can remove upwards of 5 Gt of CO. annually (Bullock et al. 2021, Wilson and Hamilton 2022,
McCutcheon & Power 2023). Thus, ultramafic mine operations can use carbon sequestration as a
method of critical metal recovery.

1.2.2 Bioremediation in ultramafic mine sites
Bioremediation utilizes biological processes to aid the remediation of contaminants in

any environment (e.g., ultramafic mines) (Mani and Kumar 2014). Bioremediation by
microorganisms can aid the removal of contaminants, including metals, from solution (Kalita et
al. 2023, Ciani et al. 2024). Thus, bioremediation provides a solution for immobilizing critical
metals by using the microbial communities in ultramafic mine sites. McCutcheon et al.
demonstrated the application of bioremediation by binding asbestos fibers in Mg-carbonate
minerals from ultramafic mine tailings (2017). The secondary cements formed from ultramafic
tailings immobilized metals from the primary serpentinite minerals in the tailings (Hamilton et
al. 2018). The generation of carbonate minerals can be an incentive for mining operations to
transition towards a carbon neutral approach (Power et al. 2013; Power et al. 2024). The tailings
can be leached to enhance metal recovery by bioleaching while reducing remediation costs and
carbon emissions (Power et al. 2010). Therefore, interest in applying bioremediation and
biotechnology in mining operations is attractive as it can be a potential pathway to reach carbon
neutral mining (Power et al. 2014). Although much research has focused on ureolytic and
cyanobacteria in reducing metals, there is a lack of studies that focus on metal recovery

combined with carbon sequestration.

1.3 The importance of cyanobacteria in ultramafic mine operations

Cyanobacteria are a great candidate for both the sequestration of CO2 in carbonate
minerals, and sorbing different metals from solution to the extracellular polymeric substances
EPS they exude to their cell exteriors (McCutcheon et al. 2019; Selim and Haffner 2020,
Carreira et al. 2023; Smjecanin et al. 2023). The production, structure, and composition of

cyanobacteria EPS can be altered when cells are exposed to nutrient limitations (Qian et al. 2022,



Duan et al. 2023). This in turn can affect the cyanobacteria’s capacity to bind metal. Ultramafic
environments often contain less nitrogen and phosphate than media used in biosorption studies
(Carreira et al. 2023; Paulo et al. 2023). Limited nitrogen and phosphate availability in the
ultramafic mine environments can result in additional EPS production by cyanobacteria, which
has implications for mineral weathering and carbonation reactions (Bundelava et al. 2014,
McCutcheon et al. 2014). Involving biological processes can be used in a low maintenance, cost
effective methods of recovering metals from waste materials (Asghari et al. 2013; McCutcheon
and Power 2023). Therefore, recent developments have increased interest in biotic mineral
weathering as a precursor to carbonate mineral precipitation in association with mining
operations. However, there is little published research on critical metal mobility associated with
biotic weathering of minerals in tailings and waste rock in relation to how these dissolution
reactions apply to carbon sequestration. For example, Hamilton et al. (2018) and Scullet-Dean et
al. (2023) restricted their research on critical metal enrichment by abiotic weathering and
dissolution, with little research examining the mobilization of critical metals with microbial
involvement. Furthermore, previous biosorption experiments provide optimal nitrate and
phosphate concentration for biosorption experiments, with little research focusing on impacts of
nitrate and phosphate limitations to metal binding (Paulo et al. 2018; Selim and Haffner 2020;
Carreira et al. 2023). As a result, it is important to understand the role of biogeochemical

processes during carbonate mineral precipitation and the fate of critical metals.

1.4 Research objectives

This thesis will examine how nutrient limitation impacts the production of EPS and the
binding of critical metals to cyanobacteria EPS. This research focuses on the potential
incorporation of these critical metals during secondary carbonate mineral precipitation in
association with cyanobacteria in a simulated ultramafic environment. Solid-state
characterization techniques are used to assess metal binding to EPS and incorporation into
mineral precipitates. These characterization techniques include scanning-electron microscopy
(SEM) and Raman spectroscopy. Water chemistry analyses are used to document changes to the
cyanobacteria growth environment as the metals are immobilized during the experiments. The
results of both research chapters are discussed in the final chapter in the context of broader

applications of bioremediation and carbon sequestration at ultramafic mine operations.



Chapter 2 Biosorption of Critical Metals in a Simulated
Ultramafic Mine site

2.1 Introduction

Carbon sequestration within mining operations is of particular of interest as Canada needs
to lower its CO2 emissions while continuing to become a global economic supplier of critical
metals (Ministry of Natural Resources and Ministry of Science 2023; Natural Resources Canada
2023). Application of carbon sequestration in ultramafic environments is possible and can provide
opportunities to reduce CO2 emission rates from mining operations, thereby contributing to
lowering overall emissions within Canada (Wilson et al. 2009; Gras et al. 2020). Therefore,

opportunities for sustainable mining operations are available to lower the global CO2 emissions.

Ultramafic mining operations often produce tailings and waste rock that can contain
trace amounts of toxic metals (e.g., Cr®*), which can pose a potential risk to both the environment
and human health if they are leached from their host minerals and contaminate the soil and
groundwater (Hamilton et al. 2018; Kierczak et al. 2021). Chromium is a known carcinogen often
co-existent with other metals including nickel and cobalt, which all have economic value
(Hausladen et al. 2018; Hamilton et al. 2018, Ministry of Natural Resources and Ministry of
Science 2023). Although Ni?" and Co?" are both not as dangerous in comparison to Cr®*
observations have indicated a serious decline in human health when exposed to these metals in
elevated concentrations (Kierczak et al. 2021). Elevated cobalt concentrations in the range of 300—
700 mg/L can result in symptoms impacting the cardiovascular, neurological, and endocrine
systems in a human (Leyssenes et al. 2017). Nickel is a known carcinogen and has shown to impact
the respiratory system when inhaled by people in concentrations of 0.15-34 mg/L over an extended
period (Buxton et al. 2019; Begum et al. 2022). In addition to direct impacts on human health,
these toxic metals can affect entire communities by contaminating the groundwater. Thus, proper
remediation strategies limiting metal mobilization are necessary to prevent potential negative

impacts of critical metals on the environment.

Mining operations will need to factor in economic viability when considering mine closure
and remediation strategies. Traditional remediation strategies in mine operations can include

permeable reactive barriers, chemical oxidation, and phytoremediation (Karaca et al. 2018).



Bioremediation and the involvement of bacteria can be an alternative solution to traditional
remediation strategies as it is often cost effective, low maintenance and requires less labour
(Gavrilescu 2022). McCutcheon et al. utilized cyanobacteria to immobilize asbestos fibers with
successful deployment in an experimental microbial mineral carbonation field experiment (2016,
2017). Hence, mine site bioremediation strategies would benefit from optimizing microorganism

activity in ultramafic (i.e., chromite, kimberlite, serpentinite) mine environments.

Cyanobacteria are Gram-negative photoautotrophs that are a prominent phylum in a
diverse range of environments including hypersaline and ultramafic wetlands and mine
environments (Castenholz 1989; McCutcheon et al. 2014; Gupta and Diwan 2017; Al-Amin et al.
2021; Diloreto et al. 2023). Furthermore, recent evidence suggests that cyanobacteria are a
versatile bacterium and can remove a wide range of contaminates in a variety of environments
(soils, wastewater, mines), including sorbing various metals to functional groups and binding sites
within bacterial extracellular polymeric substances (EPS) (Pereira et al. 2011; Rueda et al. 2020,
Blanco-Vietes et al. 2023; Nejidat et al. 2023). In the context of bioremediation, cyanobacteria
require trace amounts of essential nutrients in comparison to traditional remediation methods
(Gavrilescu 2022). Therefore, development of a cyanobacteria strain adjusted to nutrient limited

conditions is extremely attractive for industrial bioremediation purposes.

The two most important mechanisms for the uptake of metals by cyanobacteria include
bioaccumulation (active) and biosorption (passive), both of which can reduce the metal
concentration in solution and create potential nucleation sites for mineral precipitation (Gupta and
Diwan 2017). Both mechanisms require the use of the cellular wall and EPS to reduce the
concentration of metals inasolution (Gupta and Diwan 2017; Al-Amin et al. 2021). The
biosorption mechanism can be described by kinetics and adsorption isotherms (Dixit and Singh
2013; Bishop et al. 2019; Smjecanin et al. 2023). Biosorption is a passive process that occurs when
microbial EPS interacts with the surrounding environment. EPS’s composition often comprises
polysaccharides, proteins, DNA, and lipids that are excreted out of the cell (Costa et al. 2018).
Often, EPS also serves an important role in protecting cyanobacteria and plays an important role
in biosorption by allowing available functional groups (e.g., carboxyl) to act as binding sites,
resulting in lower metal concentrations in solution (Pereira et al. 2011). The cell-metal interaction

can impact the production of the EPS and is often dictated by several factors including the ionic
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potential, preferential ligand spacing, ligand type, temperature, pH, and covalent bonding
(Konhauser 2007; Pereira et al. 2011; Zeng al. 2020a; Zeng et al. 2020b; Huang et al. 2022; Rezaei
et al. 2022). Therefore, EPS can also be influenced and change its structure in response to both
physiochemical and biogeochemical parameters, including nutrient limitations (Nicolaus, 1999;
Liu et al. 2016; Mathivanan et al.2021).

Extensive research has focused on the biosorption capacity of different cyanobacteria
species in combination with various metals (Gardea-Torresdey et al. 1998; Michelleti et al. 2008,
Pereira et al. 2011; Mota et al. 2015). Previous research focused only on the impact of nitrogen or
phosphorus in its relationship to binding metals including calcium, iron, molybdenum, nickel,
which can impact biomineralization (Zerkle et al. 2006; Paulo et al. 2018; Selim and Haffner 2020;
Qian et al. 2022). However, there is little published data surrounding transition metal binding in
nutrient depleted environments, which is important for application of this process to ultramafic
mine sites. While some experiments have been conducted on nutrient deficient environments, there
are few studies that consider the combination of biosorption and nutrient availability and
examine the impact on EPS. The chemical and physical modifications in the EPS from both
nutrient limitations (C:N:P ratio) and presence of metals ions (Co?*, Ni?*) require investigation to
better understand the biosorption capacity of cyanobacteria in ultramafic mine site
environments. Understanding the kinetics and mechanisms of metal binding in a nutrient-limited
environment can further determine the limitations and capabilities of cyanobacteria for

bioremediation application in mine sites.

2.1 Research objectives

To address these research gaps, a strain of Synechococcus leopoliensis was assessed for its
biosorption capabilities in a simulated ultramafic mine environment. The assessment of the metal
sorption and growth curves of S. leopoliensis provided insight into how cyanobacteria can reduce
elevated metal concentrations in its growth environment. S. leopoliensis was grown in varying
metal concentrations in nutrient enriched and deficient environments. Cyanobacteria growth and
metal sorption in single and di-metal solutions was assessed. The metals, Co?" and Ni%*, were
selected due to their abundance in ultramafic mine tailings (Hamilton et al. 2018). The biomass

was characterized using Raman spectroscopy and scanning electron microscopy (SEM). The



expectation was that biosorption of di-metals systems would be higher in the nutrient-deficient
environment in comparison to the nutrient enriched environments. Furthermore, it was expected
that preferential binding and changes within the EPS will dictate the abundance of favoured metals
bound to EPS.

2.2 Methods
2.2.1 Bacterial strain and culture conditions

A cyanobacterial strain, S. leopoliensis (CPCC-102) was acquired from the Canadian
Phycological Culture Center (CPCC) for this biosorption experiment. The experiment consisted
of growing the cyanobacteria in modified BG-11 medium for one month and characterizing the
change in microbial growth and water chemistry. The final volume of each treatment flask was
65 mL with each flask containing 10 mL of inoculum. The control group flasks contained 55 mL
of BG-11 medium, the Ni-doped and Co-doped flasks contained 50 mL of BG-11 medium and 5
mL of the respective metal solution, and the di-metal flasks contained 45 mL of BG-11 medium
and 5 mL of each metal solution (Table 2.1). Ultramafic mine environments are typically
nutrient deficient with low concentrations of phosphate (0.0274-2.22 mg/L) and nitrate (0.0012—
50 mg/L) present in associated mine pit waters (Nawab et al. 2016, McCutcheon et al. 2017,
Paulo et al. 2023). Concentrations of nitrate (1.65 mg/L) and phosphate (13.2 mg/L) were
selected to be representative of the nutrient deficient environments. The trace metal solution
contained HBO3, MnCl,-4H,0, ZnSO4-7H20, Na2Mo00O4-2H>0, CuSO4-5H>0, which were added
to aid in the growth of the cyanobacteria (Rippka et al. 1979). The addition of CoNO3-6H20 was
excluded from the trace metal mix because controlling the concentrations of cobalt and nitrate

was necessary for this experiment.

Cobalt and nickel were selected as target metals in the interest of the Canadian critical
metal strategy (Ministry of Natural Resources and Ministry of Science 2023) and because they
have been observed to be incorporation into secondary carbonate precipitates found at mine sites.
Mine impacted ultramafic groundwater contained trace amounts of nickel and cobalt (0.030—
0.359 mg/L, 0.006-0.693 mg/L, respectively) (Nawab et al. 2016). Certain cyanobacteria may
face toxicity at concentrations as lowest as 3 mg/L (Selim and Haffner 2020; Fawzy et al. 2020).
However, different cyanobacteria have different toxicity levels; Ni and Co were added to the

experiment at concentrations of 10 mg/L, added as NiCl.-6H.0 and CoCl,-6H.0, respectively.
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The metals were added after Rippka et al.’s BG-11 medium recipe (Error! Not a valid
bookmark self-reference.), with phosphate and nitrate added in lower concentrations in some

flasks to reflect of ultramafic environments (1979).

Table 2.1: Quantities of ingredients added to BG-11 growth medium used in the biosorption
experiment, adjusting for dilution. Values for NaNOz and K:HPO4 correspond to the high and
low nutrient treatments, respectively. BG-11 medium and trace metal mix recipe from Rippka et
al. 1979.

Ingredient Quantity
NaNO3 1.95/0.0235¢g
K2HPO4 0.052/0.0039 g
MgSO4 -6H20 0.0975¢g

CaClz -2H.0 0.046 g

citric acid 0.0078 g

ferric ammonium citrate 0.0078 g

EDTA 0.0013 g
Na>COs 0.026 g

Trace metal mix 1.3mL

CoCI-6H20 (10 mg/L) 5.0 mL
NiCl-6H20 (10mg/L) 50mL
Milli-Q water 1L

The cyanobacteria were grown for 35 days in standard BG-11 medium prior to the start
of the experiment. The biosorption experiment was conducted in 125 mL Erlenmeyer flasks
housed inside a Conviron GEN1000 growth chamber at a light intensity of 600 lux ina 12 hr
day/night cycle. Sampling occurred on days 0, 1, 3, 6, 12, 20, and 30, with one flask per
treatment sampled on each day for water chemistry analyses, cell counting, and EPS extraction.

2.2.2 Cell counting
Cell counting was conducted by loading 10 puL of sample into a haemocytometer for

counting using a Leica DM750 light microscope. A cell count was conducted for each

environmental condition on each of the sampling days.

2.2.3 Water Chemistry Analyses
The chemistry of the water in the flasks was characterized on each sampling day during

the biosorption experiment. Water samples collected from each flask were filtered using 0.45 um
polyethersulfone (PES) syringe filters into 15 mL centrifuge tubes and stored at 4°C until
analyzed. Anions were measured using ion chromatography (IC; Dionex 600-1C-CO3) and

cations were measured in filtered samples acidified to pH <2 with trace metal grade nitric acid
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using inductively coupled plasma-mass spectrometry (ICP-MS; NuPLasma Il multi-collector
inductively coupled plasma mass spectrometer). The pH, dissolved oxygen (DO), and
conductivity were measured on sampling days using a Thermo Scientific Orion Star A 329
Multiparameter Meter.

2.2.4 EPS Extraction

A modified version of Zeng et al.’s EPS extraction protocol, which is a NaCl
centrifugation EPS extraction procedure, was conducted to assess its suitability for use on S.
leopoliensis (2019). A 10 mL aliquot of sample was allocated for EPS extraction from each
treatment on each sampling day. In brief, this method consisted of centrifugation (Sorval X1R
Pro MD), removal of the supernatant, and addition of a phosphate buffered saline solution. All
centrifugation was conducted at 8000 rpm for 10 minutes at 4°C. An initial centrifugation was
conducted with the supernatant being discarded. Subsequently, 10 mL of phosphate buffered
saline was added and the sample was centrifuged three times. Each time the centrifugation
process occurred; the supernatant was discarded. After the third centrifugation, the addition of 10
mL of phosphate buffered saline and 10 mL of 1.0 M NaCl was added to the falcon tube. This
step was centrifuged at 300 rpm for 1 hr. After the 1 hr, it was recentrifuged at 8000 rpm for 10
minutes where the remaining supernatant was collected. Modifications to this method included:
adding a rinse of DI water to reduce NaCl recrystallization after the final filtration for the
supernatant, weighing the filters to determine the amount of EPS and organics deposited onto the
filter paper, and collecting 1 mL of the supernatant after the final filtration to avoid interference
from the 0.2 mm Polytetrafluoroethylene (PTFE) filter. Following the extraction, samples were
analyzed using Raman spectroscopy as described below.

2.2.5 Scanning electron spectroscopy- energy dispersive spectroscopy

The following procedure was used to prepare samples for SEM by McCutcheon and
Southam (2018). The biomass was fixed using 2.5% (v/v) glutaraldehyde for 1 hr. The biomass
underwent ethanol dehydration with the following concentrations: 25%, 50%, 75%, 100%,
100%, 100% in 15-minute intervals. This was followed by chemical drying using
hexamethyldisilane (HMDS) solution of 50%, 100%, 100% for 15-minute intervals. The samples
were be mounted on a aluminum stubs and coated with gold using a Denton Desk |1 gold sputter.

Morphological changes before and after the addition of metals (Co, Ni,) were observed using



UltraPlus FE-SEM in secondary electron (SE)-SEM operated at 2.0 kV and 5.0 mm working
distance. Furthermore, the UltraPlus FE-SEM conducted energy dispersive spectroscopy (EDS)
measurements, which determined the chemical composition of any precipitates, and any metals
mobilized within the EPS.

2.2.6 Raman Spectroscopy
Raman spectroscopy was used to identify the functional groups present in the EPS.

Raman spectra were measured using a Renishaw InVia Reflex Raman microscope using a 532
nm Renishaw HeNe Laser along with a 2400 lines/mm diffraction grating. The EPS was
analyzed at the fingerprint region (300-2000 cm™). The Renishaw WiIRE 5.5 software was used
to acquire measurements and processed the data. Initially, the Raman data underwent processing
by removing cosmic rays and redefining the baseline through polynomial subtraction. Three
types of spectra were collected, including the whole culture, EPS before filtering, and after
deposition of supernatant on the filter paper to determine the change in the functional group

composition and whether the extraction methods were successful in isolating the EPS.

2.2.7 Data analysis

Water chemistry data were analyzed and plotted over time using Origin 2020 software
version 9.7.0.188. Functional groups were identified in the Raman spectra by comparing peak
locations to reference spectra in the literature. A NaCl signal was prevalent throughout most of
the Raman spectra collected, and therefore, a background signal of NaCl was collected, peak
fitted and normalized. Raman spectra from experimental EPS were normalized and NaCl
background signal subtracted. Additional statistical analysis was performed by generating
simulated curves to examine the variability of Ni and Co concentration by applying

transformations onto the curve.

2.3 Results

2.3.1 Cell counting
The growth of S. leopoliensis over the 30-day experiment was assessed using cell

counting. The cyanobacteria in the nutrient enriched and depleted control groups showed similar
cell densities of 3.13x10% and 3.57x10° cells/mL, respectively (Figure 2.1A). In flasks
containing metals, cell densities were lower, and the rates of cell density increase were slower

than the control groups (Figure 2.1B-D). The maximum cell density for the various metal
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treatments occurred on different days, for instance, the highest cell counts for Ni-H and Co-H
occurred on day 6 and day 20 at 1.79x10° and 1.81x10° cells/mL, respectively. Overall, cell
counts were higher in the 2 mono-metal systems compared to the di-metal systems in most of the

sampling days.
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Figure 2.1. Cell densities of S. leopoliensis in nutrient enriched (H) and nutrient deficient (L)
flasks over the 30-day experiment. Cell counts plotted versus time for the control groups (A),
nickel doped (B), cobalt doped (C), and di-metal (D) treatments.

2.3.2 Water chemistry analyses:
Over the 30-day period, pH changed in all control and metal doped flasks (Figure 2.2).

The change in pH in both nutrient enriched and nutrient depleted control groups was most

apparent, with both controls having pH values of ~9.5 near the start of the experiment and
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decreasing to ~5 on day 12 and 20, respectively (Figure 2.2A). The pH decrease in the control
groups may have been due to contamination of the flasks by another organism, possibly a
fermentative bacterium based on the high concentrations of acetate measured in these solutions
starting on day 12 of the experiment (Table A-1). The metal doped flasks did not exhibit the
decrease in pH observed in the control group’s flasks (Figure 2.2B-D). Rather, the pH of all
metal doped solutions stabilized at pH values of 7.7-8.0 after an initial fluctuation in pH during
the first 6 days of the experiment. Nutrient depleted flasks had slightly higher pH values
compared to nutrient enriched flasks by the end of the experiment.

—a— CG-H——CG-L

—&— Ni-H —>—Ni-L

10.0 9.0
(A) (B)
4 |
8.0 - 8.5 —X
s s
o o
6.0 — 8.0 -
= —(]
4'0 Pttt T 7'5 Pttt
0 5 10 I5 20 25 30 0 5 10 15 20 25 30
Day Day
—e— Co-H —— 2M-H
9.0 9.0
(©) (D)
-~
8.5 _j 8.5
L an
o o
8.0 1 8.0 -
=l —
7-5I‘l'l'l‘l'l'l75|I'I'I'I'I'I'I
0o 5 10 I5 20 25 30 0 5 10 15 20 25 30
Day Day

Figure 2.2. Evolution of pH over the 30-day biosorption experiments for the control groups (A)
nickel doped (B), cobalt doped (C), and di-metal (D) treatments.
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The DO measured in the nutrient enriched and nutrient deficient treatments showed
comparable overall trends (Figure 2.3). The DO increased for the first 6 days, followed by a
gradual decrease over the remainder of the 30-day experiment (Figure 2.3). The DO in the
nutrient enriched and nutrient-deficient control groups decreased from 8.01 to 7.61 mg/L and
8.09 to 7.39 mg/L, respectively (Figure 2.3A). The DO measured in the Co treatments showed a
consistent, gradual decrease (Figure 2.3C), while the DO measured in the Ni and di-metal
treatments showed more fluctuation (Figure 2.3B, D). By the end of the experiment, the DO in
all the flasks stabilized between 7.4—7.6 mg/L.
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Figure 2.3. Dissolved oxygen measured in the nutrient enriched and nutrient deficient treatments
for the control groups (A), Ni (B), Co (C), and the di-metal treatments (D).
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The conductivity increased throughout the 30-day experiment for all treatments (Figure
2.4). The conductivity of the nutrient-enriched control group increased by 14.3% (2780.0 to
3153.7 mS/cm) (Figure 2.4A). Meanwhile, the conductivity in nutrient-deficient control group
only increased by 6.4% (590.1 to 627.6 mS/cm) (Figure 2.4B). The nutrient-enriched flasks
doped with nickel indicated a consistent increase of 12.5% (2565 to 2887 mS/cm) in
conductivity that was similarly observed in the control group (Figure 2.4A). However, the
nutrient-deficient flasks doped with nickel experienced a greater increase in conductivity
compared to its nutrient-enriched counterpart, increasing by 22.4% (577.5 to 706.7 mS/cm)
(Figure 2.4B). Similar trends were observed for the cobalt doped flasks, with the nutrient-
enriched and nutrient-deficient flasks showing conductivity increases of 12.6% (2572.0 to 2883.7
mS/cm) and 21.0% (563.8 to 682.4 mS/cm), respectively (Figure 2.4). In the di-metal systems,
the conductivity increased by 13.6% (2348.0 to 2668.3 mS/cm) in the nutrient-enriched flasks
and by 14.9% (603 mS/cm to 692.6 mS/cm) in the nutrient-deficient flasks.

—8= (G-H—e— Ni-H—4— Co-H——2M-H —g= CG-L——Ni-L
(A) {(B)

~—a - ~

= g 700

© Q

o3 2800 - A

3 3650

oy oy

= Z 600 -

B 2400 - 3

= =

= S 550

o @)

S O

2000 +=———T—TT T T 500 ———T——T—T1 1T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Day Day

Figure 2.4. Conductivity measured in the nutrient enriched (A) and nutrient deficient (B)
treatments throughout the 30-day experiment.

Nitrogen (measured as nitrate) and phosphorus (measured as phosphate and phosphorus)
were the key nutrients of interest in the nutrient enriched and depleted treatments. The
concentration of nitrate decreased in all flasks between day 1 and day 3 (Figure 2.5A, B). After
day 3, the measured nitrate concentrations increased slightly throughout the remainder of the
experiment in both nutrient deficient and nutrient enriched flasks. The fluctuation in the nutrient

deficient control flasks is likely due to the suspected contamination and should be disregarded.
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Phosphorus measured as phosphate fluctuated between 0.5 and 3.5 mg/L in the nutrient
deficient flasks (Figure 2.5C). In the nutrient enriched flasks, the phosphate concentration
initially decreased in the first 3 days of the experiment followed with an increase over the next 3
days, followed by consistent or slightly higher concentrations over the remainder of the
experiment (Figure 2.5D). For phosphorus measured as both phosphate and phosphorus, the
nutrient deficient control group was different compared to the rest of the flasks due to possible

contamination (Figure 2.5C, E).
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nutrient depleted (A, C, E) and nutrient enriched (B, D, F) flasks throughout the 30-day
experiment.
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The lowest measured cobalt concentration was predominantly on the first day of the
experiment, 24 hours after the addition of metals into the flasks (Figure 2.6Error! Reference
source not found.A). The calculated metal removal in both mono-metal and di-metal systems
reached their maximum metal removal capacity on the first day (Figure 2.6A, Table 2.2). The
removal of cobalt in both a mono-metal and di-metal systems in nutrient enriched conditions
achieved approximately 40% removal in the first day. Specifically, both mono-metal and di-
metal systems in nutrient enriched conditions removed 4.74 mg/L and 5.19 mg/L worth of cobalt
from solution, respectively. However, there were discrepancies between the two metal systems
(Table 2.2). The di-metal systems in nutrient enriched condition exhibited a delayed effect of
reaching their maximum metal removal on day 3 instead of day 1. Once the maximum metal
removal was achieved, the cobalt concentration increased steadily, and occurred regardless of
mono or di metal system as well as nutrient availability (Figure 2.6A). For example, the cobalt
concentration in 1-metal systems on day 3 increased by 40.8% and 33.8% from the measured
concentration from day 1 in the nutrient enriched and nutrient deficient environments,
respectively. Di-metal systems had similar trends as the cobalt concentration increased after
reaching the maximum removal of cobalt in the previous sampling day. The nutrient enriched di-
metal system increased its cobalt concentration by day 6, which fluctuated throughout the
following 24 days. By the end of the experiment, most of the cobalt remained in the aqueous
solution.

The measured dissolved nickel concentration decreased in the first 3 days of the
experiment (Error! Reference source not found.B). The amount by which nickel decreased was |
ess than cobalt in both mono-metal and di-metal systems. However, the amount by which the
nickel concentration decreased was typically greater in nutrient-deficient conditions compared to
nutrient enriched conditions. The nutrient deficient condition removed up to 43.8% (4.98 mg/L)
of nickel within the bulk solution compared to nutrient enriched conditions, which only reached
a maximum of 36.0% (3.5 mg/L) of nickel. Similarly, di-metal systems showed nutrient deficient
conditions removed more nickel compared to nutrient enriched conditions. The nutrient deficient
condition di-metal system showed a decrease in nickel concentration up to 34.2% (3.97 mg/L) in
solution from day 1 of the experiment. Meanwhile, the first day in the nutrient enriched di-metal
system removed only 18.7% (2.01 mg/L) of nickel. The removal of nickel on day 1 was usually

the maximum removal rate of nickel with its concentration increasing afterwards (Figure 2.6B).
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The increase in the concentration of nickel over time was slower compared to cobalt, as it

required 6 days to fully reach almost 93% of its initial nickel concentration. However, the nickel

concentration in nutrient deficient 1-metal system increased up to 82%. By the end of the

experiment, most of the nickel was released back into solution. The nickel concentration

fluctuated but overall increased in the remaining 18 days of the experiment.
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Figure 2.6. Cobalt (A) and nickel (b) concentrations decreased and then increased, followed by
minor fluctuations throughout the remainder of the experiment.

Table 2.2. Maximum cobalt and nickel removal by S. leopoliensis during the 30-day experiment
based on dissolved metal concentrations measured using ICP-MS.

Sample  Metal Time to reach maximum
Removal removal (Days)
(%)

Co-H 470 1

Co-L 4138 1

Coin 494 3

2M-H

Coin  30.6 1

2M-L

Ni-H 36.0 1

Ni-L 43.8 1
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Niin 25.1 3
2M-H
Niin 34.2 1
2M-L

2.3.3 Electron microscopy

The cultures were observed using SEM to examine any changes to cell morphology or
EPS production during the experiment (Figure 2.7-Figure 2.10). No EPS was observed in the
nutrient-enriched control sample from day 1 (Figure 2.7A). However, small amounts of EPS
were observed for the day 1 culture samples from flasks containing cobalt, nickel, and both
metals (Figure 2.7B-D). EPS production appeared to increase with time and increased metal
exposure (Figure 2.8). No EPS was observed in the nutrient enriched conditions in the control
sample in EPS even by day 12 (Figure 2.8A). However, the EPS seemed to have increased
within the flask containing metals by day 12 (Figure 2.8B-D). All day 1 culture samples from
the nutrient-deficient flasks contained EPS material around the cells, including the control group
(Figure 2.9). The nutrient deficient samples in day 12 contained the highest amount of EPS
surrounding the cells (Figure 2.10). No precipitates were formed throughout the duration of the

experiment.
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Figure 2.7. Scanning electron micrographs showing S. leopoliensis cells on day 1 of the
experiment in the nutrient enriched control (A), cobalt (B), nickel (C), and di-metal (D) flasks.
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Figure 2.8. Scanning electron micrographs showing S. leopoliensis cells on day 12 of the
experiment in the nutrient enriched control (A), cobalt (B), nickel (C), and di-metal (D) flasks.
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Figure 2.9. Scanning electron micrographs showing S. leopoliensis cells on day 1 of the
experiment in the nutrient deficient control group (A), cobalt (B), nickel (C), and di-metal (D)
flasks.
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Figure 2.10. Scanning electron micrographs showing S. leopoliensis cells on day 12 of the
experiment in the nutrient deficient control group (A), cobalt (B), nickel (C), and di-metal (D)
flasks.

Energy dispersive spectroscopy (EDS) was used to measure nitrogen, phosphorus, cobalt,
and nickel concentrations in the S. leopoliensis cultures observed using SEM. The average
nitrogen concentrations measured across all treatments were between 8 and 18.5 % (Error! Not a
valid bookmark self-reference.). The nitrogen concentration increased slightly between day 1 and
12, with the cobalt doped systems exhibiting greater increases (1-4 %) compared to other metal
systems (Error! Not a valid bookmark self-reference.). Nitrogen was higher in the nutrient
deficient systems than the nutrient enriched systems, possibly due to the increased production of
EPS (Error! Not a valid bookmark self-reference.). Measured phosphorus concentrations were
between 0.1 and 1.1 % on day 1. Phosphorus increased slightly in the nutrient enriched
conditions by the day 12 (Error! Not a valid bookmark self-reference.). Under nutrient
limitations, the phosphorus content increased in the nickel doped system and decreased in the

other treatments (Error! Not a valid bookmark self-reference.). Day 1 concentrations of both
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cobalt and nickel in a mono-metal and di-metal systems were higher in the nutrient deficient
conditions compared to the nutrient enriched conditions (Error! Not a valid bookmark self-
reference.). The uptake of cobalt was higher in the di-metal system compared to the mono-metal
system on day 1, but the opposite was true by day 12. Nickel content was higher in a mono-metal
system compared to the di-metal system on day 1. However, nickel content decreased in both
nutrient treatments by day 12 (Error! Not a valid bookmark self-reference.).

Table 2.3. Average atomic abundance (%) detected by energy dispersive spectroscopy on
cyanobacteria and EPS material observed using SEM.

Atomic (%)

Day C N O Si P Co Ni
CG-H 1 71.0 10.1 115 0.9 0.6
(n=2)
Co-H 1 78.7 9.5 11.2 0.4 0.1 0.1
(n=3)
Ni-H 1 61.7 8.7 24.7 4.6 0.1 0.2
(n=2)
2M-H 1 71.3 10.5 16.6 1.4 0.1 0.1 0.1
(n=3)
CG-H 12 70.2 14.2 15.2 0.2 0.1
(n=3)
Co-H 12 67.2 16.9 14.7 0.9 0.1 0.2
(n=4)
Ni-H 12 73.3 12.2 13.1 0.9 0.2 0.1
(n=5)
2M-H 12 74.0 12.1 13.3 0.2 0.1 0.2 0.1
(n=2)
CG-L 1 71.7 15.1 11.9 0.8 0.5
(n=4)
Co-L 1 69.8 16.2 13.0 0.4 0.3 0.3
(n=4)
Ni-L 1 65.8 114 20.8 1.6 0.1 0.2
(n=4)
2M- 1 67.5 12.7 18.6 0.5 0.2 0.2 0.1
L(n=2)
CG-L 12 70.7 11.0 16.9 1.1 0.5
(n=3)
Co-L 12 64.3 18.5 16.3 0.6 0.1 0.1
(n=4)
Ni-L 12 71.8 13.8 13.6 0.4 0.1 0.2
(n=2)
2M-L 12 714 14.5 13.2 0.6 0.1 0.1 0.1
(n=1)
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2.3.4 Raman spectroscopy:
The extraction method was successful in isolating the EPS material. However, the NaCl

signal was removed in order detect the signal from the EPS material. Raman data was collected
from both cells and extracted EPS material on days 1, 3, and 12. However, the data had a low
signal/noise ratio in both day 1 and day 3 samples. Therefore, day 12 samples containing
cyanobacteria and the EPS material were selected as the best representative samples despite
sodium chloride signal being present. The control groups from nutrient enriched and nutrient
deficient environments exhibited both carboxyl and amide collected from Day 12 (Figure 2.11,
Table 2.4). The presence of different metals in the system under nutrient limited environments
exhibited specific functional groups, in particular the carboxyl groups (Error! Reference source n
ot found., Table 2.5). In the presence of nickel, specific vibrations associated to nickel were
detected at 421 cm™and 451 cm™*, which have been associated with Ni-N and Ni-O vibrations,
respectively (Bell et al. 2003, Alsag et al. 2022). Vibrations at 481 cm™and 522 cm™ detected in
the cobalt doped sample can be assigned to Co-O vibrations, which have been associated to
Co0304 (Gao et al. 2016, Alsag et al. 2024). In the di-metal system, Ni-O and C-O bonds were
observed around 459 cm™ and 532 cm, respectively (). In addition, the di-metal systems had

vibrations from all three amide bands and carboxyl groups (Table 2.5).
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Figure 2.11. Raman spectra showing vibration bands from S. leopoliensis cells and EPS exposed
to both nutrient enriched and nutrient deficient environments on day 12 of the experiment.

Table 2.4. Raman peak assignments in both control groups containing whole cells of S.
leopoliensis under nutrient enriched and nutrient deficient environments on day 12.

Peak Location

Functional groups
In nutrient enriched
control group

Functional groups References
In nutrient deficient
control group

489 cm* (8C-C) Chen et al. 2004

519 cm! 8CO

561 cm! d5C-C

589 cm! 5C-0

790 cmt §C-H

987 cm! dCH3

980 cm! SCNC Diloreto et al. 2023

990 cm! SCH3 Chen et al. 2004

1050 cm! 8C-C Yee et al. 2004;
Benning et al. 2004;
Dittrich and Sibbler
2006

1095 cm! v C-0/ vP=0 Dittrich and Sibbler
2006; Diloreto et al.
2023

1160 cm? H,PO* Dittrich and Sibbler
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2006 ; Braissant et al.

2009
1206 cm! 8CH and vN-C Diloreto et al. 2023
1348 cm’! C-H, CHs and CH> Yee et al. 2004
Dittrich and Sibbler
2006
1353 cm’? 8CHs, 8C-H, vN-C, and Chen et al. 2004;
vC-C Diloreto et al. 2023
1451 cm? Amide band (I1I) Dittrich and Sibbler
2006
1517 cm? 8CHs, 6C-H, vN-C, and
vC-C
1554 cm? Amine band (I1) Dittrich and Sibbler
1586 cm? Amine band (1) 2006
1734 cm? Ester Bond Yee et al. 2004

Table 2.5. Raman peak assignments in samples of S. leopoliensis cells collected from the
nutrient deficient metal systems on day 12 of the experiment.

Peak Functional Functional Functional References
Location groups in groups in groups in

Co-L Ni-L 2M-L
421 cmt & Ni-N Bell et al. 2003
451/59 cmY/ 3 Ni-O 3 Ni-O Alsag et al. 2022
482 cm-1 5Co-0 Gao et al. 2016,

Alsag et al. 2024
522/32cm™t  §Co-0 §Co-0 Gao et al. 2016,
Alsac et al. 2024

548 cm? (5C-C) y C-C Chen et al. 2004
567 cm? 8CO 3y C-C
569 cm! y CO,
613 cm? 5 C-C
683 cm™? 5 C-C=N
687 cm? 5 C-C=N
757 cmt y C-C=N
858 cm? y CO, 8 C-C or

d/y(C-C=N
911 cm™ y CO, 8 C-C or

d/y(C-C=N
962 cm™ 5 C-C (Paulo and
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Dittrich 2014).

980 cm*! y CO, &8 C-C or (Chen et al.
d/y(C-C=N 2004).
983 cm™? 5 C-C (Paulo and
Dittrich 2014).
1003 cm! deformation  of Diloreto et al.
methyl group and 2023
vCO
1030 cm! vC-O Dittrich and
Sibler 2006
1032 cm! deformation  of Diloreto et al.
methyl group and 2023
vCO
1085 cm! vP=0 Dittrich and
Sibbler 2006
1112 cm? vC-0O-C Paulo et al. 2021
1114 cm? vC-C Chen et al. 2004,
1128 cm! vC-OC, vC-O-P Yee et al 2003;
or vP-O-P Dittrich and
Sibbler 2006
1165 cm? vC-C Chen et al. 2004
1172 cm't vC-OC, vC-O-P Yee et al 2004;
or vP-O-P Dittrich and
Sibbler 2006
1234 cm? vP=0 Dittrich and
Sibbler 2006
1254 cm? vC-O COOH vP=0 the nucleic Yee et al. 2004 ;
acids or related to  Dittrich and
the vC-O Sibbler 2006 ;
Liu et al. 2015
1281 cmr 0CHsz and vN-C Chen et al. 2004;
with an aromatic Diloreto et al.
ring; or a simple 2023
OCH and vN-C
1323/1331 dC-H, dCH3, &C-H, dCHs, Chen et al.2004;
cm? 8CH2 and WN-C ~ 8CHzand vN-C  Yee et al. 2004;
1368/70 cm™! Diloreto et al.
2023
1413/15cm?t  yP=0 vP=0 Paulo et al. 2018
1451/1462 Amide (I11) Amide (I11) Yee et al. 2004,
cmt Dittrich and
1538/1554 Amide (1) Band/ Amide (II) Band/ Sibbler 2006; Liu
cmt C=N stretches C=N stretches et al. 2015
1595 cm? , 0-H Yee et al. 2004
1643/1651 Amide(l) Amide(l) Yee et al. 2004;
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Figure 2.12. Raman spectra showing surface functional groups on the cells and EPS in the
mono-metal systems when exposed to Ni (A) and Co (B) from day 12. While there are some
similarities, most of the peaks were different. The di-metal system (C) exhibits a combination of
cobalt and nickel peaks present.

2.4 Discussion

2.4.1 Biosorption of cobalt and nickel by S. leopoliensis
Biosorption is a passive process that can immobilize metals on the surface of bacterial

cell walls and EPS by metal adsorption to organic ligands (Gupta and Diwan 2017; Al-Amin et
al. 2021). Peaks identified using Raman spectroscopy indicated both Co-O and Ni-O vibrations
were present, indicating potential ligands being bound to the metals (Gao et al. 2016; Alsac et al.
2022, Alsac et al. 2024). Previous research has shown that Ni can form complexes with oxygen
that impede photosystem (l1), resulting in decreased photosynthesis function (Boisvert et al.
2007; Martinez-Ruiz and Martinez-Jeronimo 2015; Martinez-Ruis and Martinez Jeronimo 2016).
The present study detected vibrations similar to CosO4 using the Raman spectroscopy, which was
not observed in a previous study of cyanobacteria exposed to cobalt (Fawzy et al. 2020).
However, no obvious Cos04 mineral precipitates were observed using SEM. Different metal
species that competitively bind to similar ligands in cyanobacterial EPS can result in preferential
binding of certain metals (Konhauser 2007, Pereira et al. 2011). The results of this study
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indicated that competitive binding may have hindered the metal adsorption in the di-metal
system when compared to the mono metal systems.

The measured metal concentrations indicated that desorption occurred over time, a trend
which may have been impacted by changes in the pH level within the systems (Gardea-
Torresday et al. 1998; Yee et al. 2004; Liu et al. 2015). Another factor that may have limited
permanent metal removal from solution is that the metals may have formed complexes with other
compounds such as dissolved organic matter (DOM) or dissolved inorganic carbon (DIC) in
solution. Typically, DOM and DIC are released into solution during photosynthesis and can form
metal complexes (Fallowfield and Daft 1988; Dittrich and Obst 2004; Obst et al. 2009b, Ma et
al. 2018, Fan et al. 2021). The release of DOM can also occur during cell lysis after cell death.
The excreted compounds become competing ligands to the functional groups found in the EPS
and cellular wall, and can reduce metal toxicity by binding to the excess metal in solution (Engel
et al. 2004; Bishop et al. 2019, Loudermilk and Dixon 2024). As a result, this process may
explain the high dissolved metal concentrations measured in the later stages of the experiment.
While this study did not measure DOM or alkalinity produced by S. leopoliensis, this would be
of interest for understanding the role of these compounds in maximizing metal removal by
cyanobacteria.

Maximum biosorption of cobalt and nickel typically occurred in the first 3 days of the
experiments in both mono-metal and di-metal systems regardless of nutrient availability. The
curve fits of the sampled data indicate that the maximum metal removal typically occurred on
day 2 in both mono-metal systems for cobalt and nickel (Error! Reference source not found.). N
utrient deficient di-metal systems exhibited similar trends to the mono-metal systems (Error!
Reference source not found.). However, the measured metal concentration in nutrient enriched
di-metal systems indicated the maximum metal removal occurred at day 3 (Error! Reference s
ource not found.). Additional sampling points between day 2 and day 4 would provide greater
resolution in assessing the maximum metal removal by S. leopoliensis for both mono-metal and
di-metal systems. The simulated curves from the measured nickel and cobalt concentrations
indicate the potential variability in the concentrations, which would be impacted by the rates of
metal sorption and desorption (Figure 2.13, Figure 2.14). The boundaries in the simulated
cobalt curves suggest slightly greater variability compared to the simulated nickel curves (Figure
2.13, Figure 2.14).
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Figure 2.13. Plots showing 30 simulated curves compiled with the maximum metal removal and
maximum metal release on a given day based on the measured concentration of nickel in mono-
metal nutrient enriched (A) and nutrient deficient (B) systems, and di-metal nutrient enriched (C)
and nutrient deficient (D) systems.

30



QZO )

50 i

E

!: ]5_ \/4’

.2

® A

‘E]O_A A-"" Finey e

O e

2 | A

5 ‘

S s f\/

s

O

o

U 0 | I | | | L L | L |

0O 5 10 15 20 25 30

Day
A Co-H

—~ 20

27 o

cD -

E

= 15

.

= e

© ¢ -

B ) 4 *

=

+— 5 ¢

=

e}

o)

U O 1T 1 17T 1T "1 "1

0O 5 10 15 20 25 30

Day
¢— 2M-H

31

=]
o

h
1

Cobalt concentration (mg/L)

(W]
-

h
1

Cobalt concentration (mg/L)

(=
1

(9]
|

(B)

<

T T T T 1
0 5 10 15 20 25 30

Day

o
1

(9]
|

(D)
]
S~

o

T T T T T T T 1
0O 5 10 15 20 25 30

Day

Figure 2.14. Plots showing 30 simulated curves compiled with its maximum metal removal and
maximum metal release as boundaries based on measured cobalt concentrations. The filled areas
indicate the potential concentration in mono-metal nutrient enriched (A), mono metal and
nutrient deficient (B) systems, and di-metal nutrient enriched (C) and nutrient deficient (D)

The impact of nickel and cobalt on cyanobacterial strains is well documented as elevated
concentrations can exhibit different sensitivity that can impair cellular functions (Azeez and
Banerjee 1991; Muyseen et al. 2004; Balaji et al. 2014; Martinez-Ruis and Martinez Jeronimo
2015; Martinez-Ruis and Martinez Jeronimo 2016, Bishop et al. 2019, Fawzy et al 2020; Facey

et al.2022). The decrease in the dissolved oxygen, pH and cell density suggests a portion of the




cyanobacteria may have exhibited cellular death. In addition, the observed increase in nitrate and
phosphate concentrations in the solution over the course of the experiment can be attributed to
the gradual decomposition of cyanobacterial cells. The toxicity of Ni** and Co?** at a
concentration of 10 mg/L has been documented as harmful to cyanobacteria (Selim & Haffner
2020; Fawzy et al. 2022), resulting in the release of nutrients such as nitrate and phosphate into
solution (Chuai et al. 2011; Zhang et al. 2020). The decomposition and the death of
cyanobacterial cells would impact the cell density, which was observed in decreasing after
reaching results in a reduction in cell density, which directly impacts in the decline observed in
both pH and D.O. after the maximum biosorption was achieved. However, this study did not
conduct trypan blue staining to determine the ratio of dead to live cells (Cheng et al. 2019).
Therefore, the limitation of the study exists and will need further investigation kinetics and
specific interactions of the cyanobacteria in the elevated metal environment.

2.4.2 Impact of low nutrient environments
Cyanobacteria in nutrient deficient environments can adapt cell structures (e.g.,

phospholipid membranes) to scavenge for phosphorus to maintain growth (Van Mooy et al.
2009). Cyanobacteria grown in nitrogen limited environments often exhibit higher
concentrations of EPS compared to nitrogen-rich environments (Qian et al. 2022), which was
observed by SEM in the present study. Studies have also shown a greater amount of EPS being
produced by cyanobacteria during the stationary phase of growth, which was likely achieved
partway through this study (Otero and Vincenzini 2003; Qian et al. 2022). Inducing nutrient
limitations can aid cells in reducing the potential toxic effects of the metals in solution (Duan et
al. 2023). Inducing nutrient limitations increased nickel removal compared to the nutrient
enriched conditions. By comparing the results of the mono-metal and di-metal systems suggests
that adding multiple metal species can induce additional stress into the system, causing an
increase in the production of EPS, and therefore allowing more ligands (e.g., carboxyl) to be
available to bind metals (Ozturk et al. 2014; Bishop et al. 2019).

The production of EPS, as described above, can impact nutrient cycling, with EPS
providing a means of accumulating phosphorus from solution. The retention of phosphorus could
be achieved by being bound to functional groups in the EPS (Konhausser 2007; Zhou et al. 2017,
Duan et al. 2022). Furthermore, phosphorus concentrations could potentially increase as a result

of polyphosphate found within the cyanobacteria. Previous studies have shown that nutrient
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deficient environments or the presence of metals can enhance extracellular polyphosphate
(Jensen et al. 1982; Singh et al 1992; Duan et al. 2023). Raman spectroscopy results showed
peaks present around 1234 cm™ and 1415 cm™ in both the 2-M and Ni-doped samples, which
indicate the vibrations of vP=0 bonds. As a result, biosorption throughout the experiment may
have been impacted by metal-polyphosphate complexes forming in the EPS.

2.4.3 Implication for ultramafic mine operations
Cyanobacteria are prevalent within ultramafic mine sites (Koner 2017, Lu et al. 2017),

with potential applications as a bioremediation tool (McCutcheon et al. 2017). The industrial
application of photobioreactors in ultramafic mine sites still require further development
(McCutcheon et al. 2019; Jones et al. 2023b), and this study demonstrates the possible
applications to metal recovery in addition to the carbon sequestration purposes previously
studied. A two-stage bioreactor using leached material containing S. leopoliensis could remove
metals from solution, and release the metals of interest within 24 hours in a multi-metal
environment. Therefore, S. leopoliensis can act as a cation trap for metals of interest (Baselga-
Cervera et al. 2018). The addition of BG-11 to a photobioreactor would be necessary as
ultramafic mine sites exhibit low nitrate and phosphate concentrations (McCutcheon et al. 2017,
Paulo et al. 2023). Therefore, utilizing native strains of cyanobacteria may be better suited to
adapting to the low nutrient environment and yield greater metal removal from solution. This can
be an attractive solution for passive recovery of metals of interest while lowering the operation
cost compared to traditional remediation methods. This study showed S. leopoliensis can still
remove up to 30.6% and 34.2% for Co and Ni, respectively, in nutrient depleted environments.
Further optimization may enhance the recovery of metals (e.g., Ni**) by modifying the pH or
temperature. Therefore, further optimization of a photobioreactor would be of interest, including
identifying optimal cyanobacteria strains to target the immobilization of different metals of

interest.

2.5 Conclusions

Biosorption of cobalt and nickel remains of interest as a tool for concentrating metals
from mine waste waters, as biotechnology can be a sustainable, low-cost method enhancing for
metal recovery. In this study, the removal of nickel and cobalt within solution was typically
achieved within the first 72 hours of the experiment. However, the concentration of nickel and

cobalt at 10 mg/L may have impeded the growth and became toxic to S. leopoliensis, which
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hindered metal removal in solution. Imposing the nutrient limitation and adding additional
metals can enhance the removal of a targeted metal from the solution. Additional research will be
necessary for large scale implementation of microbially metal recovery as a technology for use at

sustainable mining operations.
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Chapter 3 Preliminary Investigation of Critical Metal
Incorporation during Biotic Carbonate Mineral Precipitation

3.1 Introduction:

Atmospheric CO> is an environmental concern that is contributing to climate change,
which in turn is resulting in an increased frequency of forest fires, and biodiversity and habitat
loss (IPCC 2018; IPCC 2021). Typically, natural CO2 sequestration in soils, forests, and oceans
offsets CO. emissions, but these processes are slow compared to the current increase in
atmospheric CO2 concentrations caused by anthropogenic emissions (Smith et al. 2016, Bowman
et al. 2020). This growing concern has led multiple nations and governmental agencies to focus
on developing carbon capture technology to lower net global carbon emissions and temperature
(IPCC 2022; Natural Resources Canada 2023).

Geological carbon sequestration (GCS) is a method of storing CO> in geological
reservoirs, including deep saline aquifers, ultramafic subsurface lithologies, and mining waste
(Leung et al. 2014; Dai et al. 2020). Many GCS processes produce carbonate mineral precipitates
from solution as a stable form of long-term carbon storage, referred to as enhanced weathering
and mineralization (EWM) (Wilson et al. 2009; McCutcheon et al. 2016; Power et al. 2024). The
selection of suitable sites for carbonate mineral precipitation for GCS involves identifying sites
with cations and carbon sources available in high abundances (Dai et al. 2020; Jones et al.
2023b). Nations such as Iceland, Oman, Australia, and Canada all host locations suitable for
GCS, with Iceland being home to successful, large-scale CGS implementation (Alfredsson et al.
2013; Gras et al. 2020, Al-kindi 2024).

Geological carbon sequestration sites are typically hosted in ultramafic to mafic terranes
because these lithologies weather to produce alkaline leachates rich in divalent cations that can
participate in carbonate mineral precipitation reactions (Stanfield et al. 2024). Typically, waters
in mafic mine environments have elevated dissolved Ca?*concentrations, with leachates
containing 10 to 1000 mg/L calcium (Power et al. 2009; Muhammed et al. 2010; Gras et al.
2020, Wang et al. 2024). Carbon sequestration can occur in both in-situ and ex-situ geological
settings where the physiochemical parameters of the environment dictate the mineral formation
products (Diloreto et al. 2023). For example, formation of Ca-carbonate minerals (calcite
(CaCO0:3), aragonite (CaCOs), vaterite (CaCO3)) or Mg-carbonate minerals (magnesite (MgCO3),
hydromagnesite (Mgs(COs)4(OH)2-4H20), dypingite (Mgs(CO:)s(OH)2-5H20), nesquehonite
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(MgCOs-3H20)) are determined by temperature, pH, alkalinity, and the respective availability of
Ca?" and Mg?* cations (Blue et al. 2017; Chang et al. 2017, Turvey et al. 2018; McCutcheon et
al. 2019; Khajani et al. 2021; Cheng et al. 2024). When dissolved in water, CO2 forms carbonic
acid (H2COs) that can be used to generate alkalinity as bicarbonate (HCO3) and carbonate (COs*
) anions (Liu et al. 2013; Dai et al. 2020). The generated alkalinity can be used in carbonate
mineralization reactions depending on kinetics and the abundance of divalent cations (Dai et al.
2020).

During the process of EWM, the dissolution products of enhanced mineral weathering react
with atmospheric CO> to form secondary carbonate minerals (Power et al. 2024). The enhanced
weathering of minerals is of interest because it reduces net CO2 emissions naturally with no need
of subsurface injection (Alfredsson et al. 2013; Gras et al.2020; Power et al. 2021). It is possible
to use ultramafic and mafic mine tailings, residues, and mineral wastes as carbonate sinks through
abiotic mineral weathering reactions that consume CO- from the atmosphere (Power et al. 2014,
Turvey et al. 2018; Gras et al. 2020; Jones et al. 2023b). Extensive research has shown that historic
mines and current mine operations are suitable sites for GCS via EWM and provide secondary
value by being used for carbon sequestration projects (McCutcheon et al. 2016; Hamilton et al.
2018; Jones et al. 2023a).

In addition to the divalent cations required for carbonation reactions, alkaline mine waste
materials contain recoverable trace concentrations of critical metals (Hamilton et al. 2016;
Hamilton et al. 2018; Gras et al. 2020; Khudhur et al. 2022; Zeyen et al. 2022; Wang et al. 2024).
The trace concentrations of these metals can become precious over time as the number of high-
grade ore deposits is decreasing (Mudd and Jolwitt 2014; Wilson and Hamilton 2022). Currently,
mining waste rock and tailings is challenging because it is not economically viable to extract trace
metals from these materials using traditional methods (Hamilton et al. 2018; Henne et al. 2020).
However, metal recovery can be paired with mineral carbonation through sequential precipitation
using the pH swing method (Hamilton et al. 2020; Wilson and Hamilton 2022). In this process,
leachates produced during enhanced weathering of ultramafic and mafic waste materials are used
to first precipitate the metals (e.g., nickel) as sulfide minerals, followed by secondary carbonate
mineral precipitation (Wang et al. 2021; Wang and Dreisinger 2022). Therefore, mine operations
are incentivized to implement carbon sequestration, with the aim of becoming more

environmentally sustainable.
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Biotic and abiotic processes can impact metal mobility by accelerating the weathering of
primary minerals to form secondary minerals (Gillispie et al. 2017; Hamilton et al. 2018; Henne
et al. 2018). Previous research indicates critical metal enrichment can occur by ionic exchange
between minerals (carbonate and hematite) and the aqueous solution (Drake et al. 2018; Scullet-
Dean et al. 2023). At historic mine sites in ultramafic and mafic terranes, transition metals
including nickel, cobalt, and chromium, are passively attenuated into Mg-carbonate minerals
(Hamilton et al. 2016; Hamilton et al. 2018). While this provides a method of concentrating metals
and limiting metal mobility from mine sites, metal recovery would require dissolving the carbonate
minerals, thereby re-emitting the captured CO. (McCutcheon et al. 2017). As such, a better
understanding of transition metal incorporation into the secondary minerals that form at mine sites
IS needed.

Microorganisms can accelerate mineral weathering and induce mineral precipitation
reactions in both natural and anthropogenic environments (Jansson and Norhten 2010;
McCutcheon et al. 2014; McCutcheon et al. 2016; Dong et al. 2022; Jones et al. 2023a). Extensive
research has shown that cyanobacteria can precipitate Ca- and Mg-carbonate minerals on their cell
exteriors and extracellular polymeric substances (EPS) (Obst et al. 2005; Obst et al. 2009a; Obst
et al. 2009b; McCutcheon et al. 2014, Shiraishi et al. 2020). Nucleation occurs when Ca?* bound
to ligands, either on the cellular wall or in the EPS, results in supersaturation conditions and
nucleation of calcite crystals (Dittrich and Sibler 2006; Obst et al. 2009b; Shiraishi 2012; Gérard
et al. 2013). Typically, calcite crystals start forming after 24 hours on the surface of the cell and
the excreted EPS (Obst et al. 2009b).

Cyanobacteria are abundant in ultramafic and mafic mine settings and their abundance
depends on in the depth of the tailing profile (Koner et al. 2022; Lu et al. 2022). Cyanobacteria
can contribute to carbonate mineral precipitation and cementation of mineral grains in mine
tailings, thereby solidifying and stabilizing the tailings (McCutcheon et al. 2016; McCutcheon et
al. 2017). S. leopoliensis is a cyanobacterium that has been well-studied to unravel the mechanisms
and kinetics involved in carbonate mineral precipitation (Dittrich and Sibler 2006; Obst et al.
2009a, Obst et al. 2009b; Bundeleva et al. 2014). However, investigation of microbial carbonate
mineral precipitation in relation to transition metals has been limited. Whether cyanobacterial
strains can immobilize metals with site-specific metal incorporation during carbonate

precipitation, similar to what has been observed in abiotic processes, is still in need of investigation
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(Elzinga and Reeder 2002). Thus, understanding how the cyanobacteria strains that facilitate
carbonate mineral nucleation and possible co-precipitation of metals is important for future

application to EWM and potential metal recovery from mine tailings.

3.2 Research objective

The aim of this chapter is to conduct a preliminary experiment to explore the fate of cobalt
and nickel during microbially induced carbonate mineral precipitation by S. leopoliensis. The
biomass and mineral precipitates will be characterized using scanning electron microscopy and
Raman spectroscopy. The expectation is that microbially induced carbonate mineral precipitation
will occur, with trace concentrations of critical metals being incorporated into calcite produced.
The preliminary findings will be used to assess the suitability of S. leopoliensis for use in
microbially mediated EWM and metal recovery.

3.3 Methods:

3.3.1 Bacterial Strain and culture conditions:
The same strain of cyanobacteria, S. leopoliensis (CPCC-102), used in the experiment

presented in Chapter 2 was used for the experiment presented in this chapter. This experiment
consisted of growing the cyanobacteria and inducing biogenic calcium carbon mineral
precipitation in 125 mL Erlenmeyer flasks. The total solution volume of each flask was to be 65
mL. This experiment used Rippka et al. (1979)’s BG—11 medium recipe presented in Chapter 2,
with modifications to reflect nutrient and calcium concentrations representative of mafic mine
environments (Table 3.1). Nutrient concentrations were representative of mine environments:
1.65 mg/L of phosphate and 13.2 mg/L of nitrate (Nawab et al. 2017; McCutcheon et al. 2017,
Paulo et al. 2023). Like the first experiment, a trace metal solution that contained HBOs,
MnCl2-4H,0, ZnSO4-7H20, NazM004-2H20, Na,COs, CuSO4-5H20, was added (Rippka et al.
1979). However, the addition of CoNOz-6H.0 was excluded from the trace metal mix because it
contained both cobalt and nitrate that would impact the experiment. Ni and Co were added to the
experiment at concentrations of 10 mg/L, added as NiCl2:6H>O and CoCl,:6H.0, respectively.
Metals were added to the flasks 48 hours into the experiment, in which calcium carbonate mineral
nucleation was expected to have begun nucleating (Obst et al. 2009Db).

To ensure precipitation of calcite, a suitable concentration of calcium was determined
based on saturation indices predicted using the PHREEQC interactive version 3.7.3.15968
(Parkhurst and Appelo 2013). Using the minteq.v4 database and the water chemistry data from the

38



first experiment to determine possible precipitates, a calcium concentration of 720 mg/L was
selected (Parkhurst and Appelo 2013; Obst et al 2009b). The solution was prepared to account for
the necessary dilution that would occur with the addition of the metal and inoculum solutions.
Therefore, the BG-11 concentration was increased by a factor of 1.3, to yield a higher Ca?*
concentration of approximately 750 mg/L. However, a volume to volume transfer error must have
occurred, resulting in a higher concentration of Ca?*. A further experimental error did occur during
preparation of one of the 2 L of BG-11, resulting in the cobalt and di-metal system day 3 flasks,
nickel day 2 flasks, and all the abiotic control containing less calcium than intended.

Table 3.1. Quantities of ingredients in the BG-11 growth medium used in the biogenic calcite
precipitation experiment. Flasks were prepared by combining 5 mL of the metal solution, 10-15
mL of cyanobacteria inoculum, and 45-50 mL BG-11 medium for the total final volume of 65
mL per flask. BG-11 medium and trace metal mix recipe from Rippka et al. 1979

Ingredient Quantity
NaNOs 0.0235 ¢
K2HPO4 0.0039 ¢
MgSO4-6H20 0.0975 ¢
CaCl2-2H20 3.4440 ¢
citric acid 0.0078 g
ferric ammonium citrate 0.0078 g
EDTA 0.0013 ¢
Na,COs 0.026 g
Trace metal mix 1.3mL

CoCl2-6H20 (10 mg/L) 5.0 mL
NiCl>-6H20 (10 mg/L) 5.0 mL
Milli-Q water 1L

The cyanobacteria were grown for 35 days in standard BG-11 medium prior to the start
of the experiment. The CaCOzs precipitation experiment was housed inside a Conviron GEN1000
growth chamber at a light intensity of 400-500 lux in a 12-hr day/night cycle. Sampling occurred
on days 0, 1, 2, and 3, with one flask per treatment sampled on each day for water chemistry

analyses.

3.3.2 Water Chemistry analyses:
Water chemistry analyses followed the procedures in Section 2.4.3. Experiment solution

pH, conductivity, and DO were monitored using a the Thermo Scientific Orion Star A 329

Multiparameter Meter. Dissolved anion concentrations were measured using the Dionex 600-1C-
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COj3 system, while concentrations of dissolved cations, including Ca?*, Ni?* and Co?* along with
other metals were measured by Inductively coupled plasma-mass spectrometry (ICP-MS)
following the sample preparation procedure described in Section 2.5. Total alkalinity was
determined using the titration method with sulfuric acid (Hach Method 8203). The aliquot of 10
mL was filtered through a 0.45 um polyether sulfone (PES) syringe filter before undergoing

titration.

3.3.3 Scanning Electron microscopy (SEM):
Sample preparation and scanning electron microscopy were conducted as described in

Section 2.4.5. SE-SEM was used to observe the experiment cultures and mineral precipitates,

and EDS as used to determine the elemental composition of the precipitates.

3.3.4 Raman spectroscopy:
Raman spectroscopy followed Section 2.4.6. This method monitored the changes in

functional groups, possible incorporation of the transition metals into mineral precipitates, and
metal biosorption onto bacterial cell EPS’ functional groups. The grating was changed to 1800
lines/mm diffraction grating to increase the spectral window (100-2000 cm™).

3.3.5 Data analysis:

Data analysis was conducted similar to the method described in Section 2.5. Raman
spectra were compared to reference spectra collected from abiotic calcite, vaterite, and aragonite
samples. Additional functional groups and peaks present in the Raman spectra were compared to

abiotic control group spectra collected in the preliminary experiment.

3.4 Results:

3.4.1 Water Chemistry analyses:
Bulk water chemistry was monitored throughout the experiment. The pH increased and

then steadily decreased amongst all the different treatments throughout the duration of the
experiment (Figure 3.1A). The pH of the abiotic control fluctuated between 7.75 and 9.5
throughout the experiment. Di-metal, cobalt, and nickel systems exhibited similar trends in the

biotic control, with an increase in the first days of the experiment to pH 9.5-10, followed by a
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gradual decrease to pH 7.75-8.5 (Figure 3.1A). The highest recorded pH value during the

experiment was 9.92 in the cobalt flask on Day 2.
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Figure 3.1. Evolution of pH (A), dissolved oxygen (B), and conductivity (C) throughout the 3
day experiment. Each enviorment condition include abiotic control (AC), biotic control (BC),Ni-
doped system, Co-doped systsem (Co), and di-metal system(2M).

The DO in the abiotic control showed a gradual increase from below 6 mg/L to a final
concentration of approximately 7.5 mg/L on day 3 (Figure 3.1B). In all biotic flasks, the DO
increased from ~7 mg/L to 9-10 mg/L in the first 2 days, followed by a decrease to 7.5 mg/L on
day 3. The DO in the nickel flasks exhibited this increase and decrease slightly earlier than the
other flasks inoculated with S. leopoliensis. Of the peak DO concentrations measured on day 2,
cobalt exhibited the highest DO, while the di-metal system was the lowest (Figure 3.1B).

The conductivity measurements were impacted by the incorrect amount of calcium added
to some of the flasks during setup of the experiment, specifically, in all abiotic control flasks and
the cobalt and di-metal flasks day 3 (Figure 3.1C). The conductivity in the biotic control
remained relatively stable throughout the experiment, while the conductivity in the nickel flask
decreased and then remained relatively stable for the rest of the experiment.

The measured nitrate concentration decreased over time until an eventual plateau was reached in
most flasks (Figure 3.2A). The nitrate concentration in the abiotic control remained consistently
low. The nitrate concentration in flasks containing S. leopoliensis, including the biotic control,
decreased by approximately 30% during on the first 2 days of the experiment. After the initial
decline, the nitrate concentration in the biotic control, cobalt, and di-metal systems plateaued
(Figure 3.2A).
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Dissolved phosphorus was measured as both phosphate and total dissolved elemental phosphorus
concentrations; however, the measured phosphate was mostly < 0.4 mg/L throughout the
experiment and therefore was not quantified or included in the figure below. The phosphorus
concentration decreased in all flasks by Day 1 of the experiment and remained below 1 mg/L in
all systems (Figure 3.2B).
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Figure 3.2. Nitrate (A) and Phosphorus (B) concentrations measured in mg/L throughout the
experiment.

The measured alkalinity increased throughout the experiment in all biotic flasks, while
the alkalinity in the abiotic control group was lower than the biotic flasks, with alkalinity as
CaCOs increasing up to 43 mg/L by the end of the experiment (Figure 3.3A). Similarly, the
alkalinity gradually increased up to 100 mg/L of CaCOs by the end of the experiment in the
biotic control (Figure 3.3B). The alkalinity in the nickel, cobalt and di-metal system increased in
most of the flasks (Figure 3.3C-D).

With respect to the concentration of calcium, the data for the abiotic, nickel, cobalt, and
di-metal flasks were impacted by the incorrect concentration of calcium added to certain flasks.
The reduced calcium concentrations in the abiotic flasks showed little change except for a
decrease on day 2, followed by an increase on day 3 (Figure 3.3A). The concentration of
calcium in the biotic control decreased between day 0 and 3 (Figure 3.3B). The calcium

concentration in the nickel flasks decreased slightly over time (Figure 3.3C). The cobalt flask
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indicated a decline in calcium decrease over the 48 hours of the experiment (Figure 3.3D). The
di-metal system showed a steady decrease in calcium in the first 48 hours (Figure 3.3E). The
anomalously low concentrations of calcium in the nickel (day 2) and cobalt and di-metal (day 3)
systems were due to the incorrect concentration of calcium being added to the flasks and should
be disregarded (Figure 3.3C-E).
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Figure 3.3. Alkalinity concentrations reported as mg/L CaCOgz, and Ca concentrations (mg/L)
over the 3-day experiment in the abiotic (A), biotic (B), nickel (C), cobalt (D), and di-metal
systems (E).

After 24 hours of the metals being introduced, the nickel concentration in both the mono-
metal and di-metal systems decreased. The initial metal concentrations were not measured;
however, nickel and cobalt were added to achieve starting concentrations of 10 mg/L. The
amount of nickel remaining in the mono-metal and di-metal systems after 24 hours differed from
each other (Table 3.2). With the assumption that 10 mg/L was introduced into each system, the
di-metal system showed over 94.5% nickel removal after 24 hours. Meanwhile, the mono-metal
system achieved 17.4% nickel removal in the same timeframe. The cobalt mono-metal and di-
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metal systems exhibited 81.9% and 89.5% cobalt removal after 24 hours, respectively (Table
3.2).

Table 3.2. Co and Ni removal efficiency in the 24 hours after metal addition. Metals were added
on day 2 of the experiment, with the dissolved metal concentrations measured on day 3 used to
calculate removal (%).

Sample  System = Metal
Removal
(%)
Co Mono- 81.2
metal
Co Di-metal 89.5
Ni Mono- 17.4
metal
Ni Di-metal 94.5

3.5 Scanning electron microscopy-energy dispersive spectroscopy:

The abiotic flasks precipitated a crystalline mineral phase within the first 24 hours of the
experiment (Figure 3.4A). In the biotic flasks with and without metals, the amount of EPS
produced by S. leopoliensis increased with time. Trace amounts of calcium was detected by EDS
(Error! Reference source not found.). On the first day, the amorphous calcite carbonate (ACC) n
anoparticles began surrounding S. leopoliensis in all flasks, which can be confirmed by the
presence of calcium ions (Table 3.3, Figure 3.4A, C,E,G,I). Trace amounts of Ni and Co were
detected by EDS in all the metal-doped flasks. It is important to note that the di-metal system had

relative similar concentrations of Ni and Co compared to the mono-metal systems.

Table 3.3. The average elemental composition (atomic%) of samples observed using SE-SEM,
as measured using EDS.

Atomic (%)

Day C N 0 Si Ca Co Ni
AC 1 53.0 39.3 7.7
(n=4)
BC 1 66.7 14.7 17.4 0.4 0.7
(n=5)
Ni 1 67.3 12.7 17.1 2.0 0.9
(n=8)
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Figure 3.4. SEM micrographs of precipitation products in each condition including abiotic
control group (A,B), biotic control group (C,D), nickel (E,F), cobalt (G,H) and both metals
present (1,J). For each treatment, the displayed micrographs show samples collected on day 1(A,
C,E, G, I),and day 3 (B, D, F, H).
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3.5.1 Raman Spectroscopy:
Raman data was measured on cyanobacteria samples from day 1 and day 3 to observe

any vibrations, including functional groups and signs of calcite and its polymorphs. The biotic
control and abiotic control exhibited identical characteristic peaks (Figure 3.5). There are
distinct peaks at 1075 cm-1 and 1090 cm-1 in the biotic control group, which are indicative of
vaterite (Behrens et al. 1995, Wehrmeister et al. 2010). A distinct peak was present around 1086
cmtin the biotic control group on day 1 but was absent on day 3 (Figure 3.6). Functional
groups that were present in the biotic control groups on both days included amide (I) and amide
(1) bands (Yee et al.2003; Dittrich and Sibbler 2006; Liu et al. 2015). Carboxyl vibration was
also present on day 3 in the biotic control group (Yee et al.2003; Dittrich and Sibbler 2006; Liu
et al. 2015) (Figure 3.7).

The added transition metals can cause shifts in the vaterite peaks (Figure 3.7). The
exposure of nickel shifted the vaterite peaks to 1080 cm™, 1088 cm™ and 1092 cm™*compared to
the typical vaterite peaks at 1075 cm™, 1085 cm™, and 1090 cm™* (Behrens et al. 1995,
Wehrmeister et al. 2010). Cobalt doped samples similarly showed peak shifts, with peaks at
1088 cm™and 1093 cm™. The di-metal system showed a peak shift to 1095 cm™, however, the
peak at 1075 cm™was not present at all. In addition, different functional groups vibrated
because of the added transition metals. The di-metal doped samples vibrated a peak at 1555 cm’
! which was assigned to an amide (1) vibration that was absent in both the biotic control group
and the mono-metal systems (Yee et al.2003; Dittrich and Sibbler 2006; Liu et al. 2015). The
presence of cobalt resulted in carboxyl vibrations in both mono-metal and di-metal system in
1739 cm™and 1738 cm, respectively (Yee et al.2003; Dittrich and Sibbler 2006; Liu et al.
2015). Similarly, both mono-metal and di-metal systems containing nickel showed an amide (I)
band at 1653 cm*and 1650 cm™, respectively (Yee et al.2003; Dittrich and Sibbler 2006; Liu et
al. 2015).
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Figure 3.5. Raman spectroscopy spectra of precipitates in the abiotic (A) and biotic (B) control
groups on day 1 of the experiment. Both the abiotic and biotic control group exhibit similar
spectra shape to one another.
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Figure 3.6. Raman spectra of the biotic control samples comprising cells, EPS, and associated
precipitates on day 1 (A) and day 3 (B).
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Figure 3.7 Raman spectra collected on day 3 in the Ni (A), Co (B) and di-metal (C) samples that
contain cells, EPS and the precipitates. Peaks are labeled to indicate vaterite peaks and notable
functional groups identified in the spectra.

3.6 Discussion

3.6.1 Biogenic calcium carbonate mineral precipitation:
Cyanobacteria photosynthesis can induce carbonate precipitation by generating alkalinity

during photosynthesis (Thompson and Ferris 1988; Obst et al. 2009b). This 72-hour long study

showed successful precipitation of amorphous calcium carbonates (ACC) based on the SEM

results, despite being in a nutrient limited environment (Figure 3.4C-D). This study did not show

any precipitation of crystalline biogenic calcite, such as has been observed in previous studies
(Obst et al. 2009b; Shiraishi et al. 2020). It would be beneficial to conduct a long-term study, to

fully understand the growth of calcium carbonate minerals under the influence of a nutrient

limited environment.

The addition of metals may have induced additional excretion of EPS from the cells,

which could provide additional nucleation sites for ACC to form (Pereira et al. 2011, Obst et al.

2009a; Shiraishi et al. 2020). Although Raman spectroscopy indicated some calcium carbonate

being present, these preliminary results showed vaterite. Since no crystalline calcium carbonate

precipitates were observed in the SEM samples, the formation of vaterite may have been because

of sample drying prior to conducting the Raman measurements. This suggests that the

precipitates observed were most likely not precipitated by S. leopoliensis. To overcome this

challenge, a combination of cell washing, filtering and vacuum drying may reduce unintentional
precipitation from the bulk solution (Zhu et al 2018; Yu et al. 2020).
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The nickel and cobalt were metals of interest in this study for their economic value and presence
in ultramafic and mafic mine sites. The nickel and cobalt concentrations were not measured
during the initial nucleation of experiment on day 2, which would provide a starting
concentration of both metals before the decrease observed in the metal. This was followed by a
proportion of both metals being released into solution, with some retention of the both nickel and
cobalt by the biomass in both the mono-metal and di-metal systems. This retention of the metals
likely occurred in the EPS produced by S. leopoliensis, which likely included the functional
groups identified in the Raman spectroscopy (Pereira et al. 2021). Besides binding of metals to
the EPS material, the metals removed from solution may have been incorporated into the ACC
precipitates that were observed, (Lakshtanov and Stipp 2007; Katsikopoulos et al. 2008) or
bound through surface complexation to these precipitates (Gonzalez -L6pez et al. 2017; Castillo
Alvarez et al. 2020). The small ACC precipitates may have contained trace amounts of transition
metals (Figure 3.4). Further studies and additional analysis will be necessary to better
understand how transition metals in solution influence the structure of carbonate mineral

precipitates formed biologically.

3.6.2 Implications of ultramafic mine environment:
Previous studies have used different cyanobacteria strains and mine site starting materials

to test enhanced weathering for possible CO> storage in Ca-carbonate or Mg-carbonate minerals
(McCutcheon et al. 2016; Jones et al. 2023a). This study only showed the precipitation of ACC
in the first 72 hours, instead of crystalline carbonate phases. A longer-term experiment would
enable a better characterization of the kinetics and possible involvement by cyanobacteria in the
precipitation of carbonate minerals under nutrient limited conditions. Identification of specific
cyanobacteria strains that can precipitate stable carbonate phases under nutrient limited
conditions would have application to sequestering atmospheric CO; in photobioreactors. This is
essential to transition from laboratory studies to application in industry.

This study showed potential applications to metal remediation through the successful
immobilization of cobalt and nickel from solution. Previous studies have predominantly focused
on ureolytic bacteria to immobilize metals (Qiao et al. 2021; Bai et al. 2021), however, these
studies showed similar result using photosynthetic bacteria such as S. leopoliensis. S.
leopoliensis indicating these microbes immobilize Co?* and Ni?* within the first 24 hours (Table

3.2). Ureolytic bacteria exhibited similar functionality with various degrees of success, ranging
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from 59.46-99.99% metal removal within the first 12 hours of metals added into their respective
environments (Qiao et al. 2021; Zhang et al. 2019). While significant retention and
immobilization by ureolytic bacteria has been observed in calcium-rich environment, the studies
have also shown the eventual re-release of metals (Zeng et al. 2021). For this purpose, further
investigation using cyanobacteria to determine any possible re-release of transition metals over
an extended period will be vital for future application in the mining industry.

Optimizing carbonate mineral precipitation and the incorporation of metals has
applications as an additional carbonation step after acid leaching of ultramafic mine tailings
would be a possible method for rapid removal and retention of metals from the waste material
(Hamilton and Wilson 2020; Wang et al. 2023). This could be achieved using a multi-stage
bioreactor where, after acid leaching, mineral carbonation is used to immobilize the critical
metals and allow metal enrichment over an extended period by abiotic (Hamilton et al. 2018;
Zhang et al. 2020) or biotic incorporation into carbonates (He et al.2022; Zhao et al. 2023) by
constant dissolution and reprecipitation in an engineered environment. Using microbial
carbonation in this manner may be a cost-effective solution while addressing multiple

environmental challenges including offsetting CO> and potential sinks of hazardous materials.

3.7 Conclusion:

The measured nickel and cobalt concentrations over the duration of the study suggest
immobilization through biosorption to EPS. SEM-EDS indicated precipitation of ACC by S.
leopoliensis in the presence of cobalt and nickel. The nucleated precipitates were nanometer-
scale in size, and were largely amorphous. Immobilization of cobalt and nickel was observed,
with up to 89.5% and 94.5% removed by some combination of co-precipitation, biosorption, and
surface complexation. This study provides preliminary insights into transition metal
incorporation into biogenic ACC and is a step towards creating new methods to remediate and

recover metals from mafic and ultramafic mine environments.
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Chapter 4 Conclusion:
4.1 Summary of Findings:

The mining industry has an opportunity to become more environmentally sustainable as
the global reliance on critical metals continues to increase. Previous research has explored a
variety of ways to implement carbon capture technologies in different mine waste materials.
Specifically, there is growing interest in the utilization of mine waste materials to reduce
emissions from mine sites through the drawdown of atmospheric carbon dioxide (Power et al.
2014; McCutcheon and Power 2023). Additionally, mine waste materials typically contain trace
concentrations of metals (Hamilton et al. 2018), and mineral carbonation has been proposed as a
potential tool to recover and immobilize metals of interest (Wilson and Hamilton 2020).
Bioremediation can serve as a tool for immobilization of metals through biosorption and could
be used for the recovery of metals in later stages of processing. Results from this thesis
contribute to the understanding of biosorption of nickel and cobalt by S. leopoliensis, and the fate
of metals during biogenic carbonate precipitation, which have applications to metal recovery
from ultramafic mine materials.

Chapter 2, Biosorption of Critical Metals in a Simulated Ultramafic Mine Site,
investigated a lab grown strain of cyanobacteria, S. leopoliensis, and its ability to adsorb nickel
and cobalt from solution in a simulated ultramafic mine solution. S. leopoliensis was grown in
nutrient deficient and enriched solutions with the addition of 10 mg/L of Ni and Co, added as
individual metals or both metals together. Aqueous samples were filtered and collected to
determine the concentration of cations (Co?, Ni?*) and anions (NOs", POy4") of interest for 30
days. Imposing nutrient limitation to the cyanobacteria, to increase EPS production, resulted in
enhanced metal removal. The increased production of EPS was observed using microscopy, and
the aqueous geochemistry measurements indicated an extent of cobalt and nickel removal
reaching up to 30% under nutrient deficient conditions. Raman spectroscopy measurements of
the experimental cultures identified both Ni-O and Co-O bonds. This suggests the presence of
metal-oxygen complexes, which may have formed by metals being bound to functional groups in
the cellular wall and surrounding EPS. These metal-oxygen complexes may have contributed to
the reduced dissolved metal concentrations measured in the experimental solutions. S.
leopoliensis removed metals from solution within 72 hours in the nutrient limited environment

(e.g. ultramafic mine sites), indicating this process is rapid in reducing aqueous metal
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concentrations. However, consideration needs to be given to the stability of the bound metals,
because the observed desorption would impede any meaningful remediation. Further
investigation will be necessary to optimize this biosorption process for industrial applications in
ultramafic and mafic mining operations.

The aim of Chapter 3, Immobilization of Critical Metals during Biotic Mineral
Precipitation, was to conduct a preliminary study targeting the incorporation of critical metals
into biogenic calcium carbonate minerals. S. leopoliensis was grown in nutrient deficient
conditions for 48 hours, after which 10 mg/L of Co?* and Ni?* were added as individual metals
or both metals together. Alkalinity was generated in all flasks containing the cyanobacteria due
to photosynthesis. SEM results showed S. leopoliensis cells produced EPS to which nanometer-
sized ACC particles were bound. EDS of the cell exteriors and ACC bound to the EPS identified
trace amounts of calcium, nickel, or cobalt, or all three elements. The metal removal from
solution for both cobalt and nickel was approximately 90%, which is substantially higher than
observed in Chapter 2. Surface complexation and co-precipitation likely contributed to the
removal of nickel and cobalt from solution. Further investigation and analysis is necessary to
better understand transition metal incorporation into ACC particles before implementation at
ultramafic and mafic mine operations for bioremediation purposes. Future directions:

Pure culture cyanobacteria can be ideal in understanding the possibility of utilizing
cyanobacteria in an ultramafic mine site as a tool for bioremediation and enhancing recovery of
metals. Further optimization and understanding of limitations, including environmental
conditions such as fluctuating temperature and pH in the mine environment, would aid in the
development of a bioremediation solution using cyanobacteria in mine site operations. The
demonstrated ability of S. leopoliensis to remove metals within 72 hours indicate that this
process can quickly concentrate metal out of solution. However, consideration needs to be given
to the stability of the bound metals, because the observed desorption would impede any
meaningful remediation. In addition, the ability of cyanobacteria to incorporate transition metals
into carbonate precipitates is not well characterized, and further studies of other cyanobacteria
strains would be of interest. To further understand the potential recovery of metals from
ultramafic mining operations, it would be necessary to compare different types of waste and the
corresponding mobilization of metals by native cyanobacteria. Future studies should focus on

optimization mineral carbonation by native cyanobacteria in ultramafic mine sites, paired with
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long-term studies of the incorporation of transition metals into biogenic carbonates. The
development of a photobioreactor using multiple stages from bioleaching to carbonation and bio-
recovery of critical metals would be a great step towards sustainable mining and net-neutral
mining.

4.2 Summary of Findings:

Laboratory studies can be ideal for understanding the possibility of utilizing
cyanobacteria as tools for bioremediation and enhanced recovery of metals at mine sites.
However, engineered environments, such as tailings storage facilities, experience fluctuating
temperature, pH, and other physicochemical conditions that can affect the mobility of metals, the
suitability of certain cyanobacteria, and the stability of biomineralization products. Therefore,
continuous research in understanding the kinetics and incorporation of metals is necessary for the
development of a bioremediation solution using cyanobacteria. In addition, the ability of
cyanobacteria to incorporate transition metals into ACC nano precipitates is still not well
characterized. Further characterization will be necessary to understand both the kinetics and
possible incorporation of these metals into the structure of the ACC and eventual calcium
carbonate minerals. To further understand the potential recovery of metals from ultramafic
mining operations, it would be necessary to examine the impact of different concentrations of
transition metals and possible incorporation into Ca-rich carbonate minerals by native
cyanobacteria. Future studies should focus on optimization of mineral carbonation by native
cyanobacteria in ultramafic and mafic mine sites, paired with long-term studies of transition
metal immobilization into biogenic carbonate phases. Through this future work, it may be
possible to develop a photobioreactor that uses multiple stages to achieve: 1) bioleaching, 2)
carbonation, and 3) bio-recovery of critical metals. Development of such technology would be a

great step towards sustainable mining and net-neutral mining.
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Table A-1: Raw data from IC measuring anions of interest and organic compounds over the 30-day experiments. All anions of
interest were reported as mg/L Note: if value was below the detection limit was reported as <0.5.

Sample Fluoride Lactate  Acetate  Propionate Formate Chloride  Nitrite Bromide Nitrate Sulfate Phosphate  Thiosulfate
DO-CG-H-IC <05 <05 0.7 <05 17 16.4 <05 <05 1396.6 38.2 16.5 <05
DO-CG-L-IC <0.5 0.4 0.8 <05 1.6 13.7 <05 <05 192.3 374 0.7 <05
DO-Co-H-IC <05 <05 0.9 <05 14 29.5 <05 <05 1276.2 32.6 16.4 <05
DO-Co-L-IC <05 <05 4.3 <05 n.a. 254 <05 <05 173.9 34.1 2.6 <05
DO-Ni-H-IC <05 <05 n.a. <05 n.a. 26.8 <05 <05 1283.0 289 12.3 <05
DO-Ni-L-IC <05 <05 7.1 <05 n.a. 24.2 <05 <05 173.7 30.3 1.7 <05
D0-2M-H-IC <05 <05 0.2 <05 n.a. 37.3 <05 <05 1069.2 22.7 114 <05
D0-2M-L-IC <05 <05 0.1 <05 0.2 40.9 <05 <05 167.1 25.2 2.2 <05
D1-CG-H-IC <05 <05 0.3 <05 1.3 134 <05 <05 13135 296 12.6 <05
D1-CG-L-IC <05 <05 0.7 <05 0.3 11.8 <05 <05 162.9 322 1.9 <05
D1-Co-H-IC <05 <05 0.6 <05 15 28.0 <05 <05 1171.0 28.0 9.1 <05
D1-Co-L-IC <05 <05 0.6 <05 15 30.3 <05 <05 159.9 28.2 <0.5 <05
D1-Ni-H-IC <05 <05 1.0 <05 1.0 28.9 <05 <05 1174.0 29.6 10.3 <05
D1-Ni-L-IC <05 <05 0.7 <05 13 313 <05 <05 160.4 30.2 1.0 <05
D1-2M-H-IC <05 <05 0.8 <05 13 42.7 <05 <05 1050.4 24.9 7.2 <05
D1-2M-L-IC <05 <05 0.6 <05 13 42.3 <05 <05 1574 26.8 0.8 <05
D3-CG-H-IC <0.5 <0.5 11 <05 1.9 13.9 <05 <05 1299.1 322 13.7 <05
D3-CG-L-IC <05 <05 0.9 <05 1.8 11.6 <05 <05 160.1 31.6 2.0 <05
D3-Co-H-IC <0.5 <0.5 0.7 <05 1.3 275 <05 <05 1168.7 279 9.6 <05
D3-Co-L-IC <05 <05 0.6 <05 1.4 30.3 <05 <05 159.6 335 1.4 <05
D3-Ni-H-IC <05 <05 0.6 <05 13 28.6 <05 <05 1184.3 29.7 11.2 <05
D3-Ni-L-IC <05 <05 0.6 <05 1.3 31.0 <05 <05 158.4 28.8 1.9 <05
D3-2M-H-IC <05 <05 0.8 <05 18 38.0 <05 <05 1058.6 26.1 53 <05
D3-2M-L-IC <05 <05 0.6 <05 15 42.4 <05 <05 157.5 25.3 0.9 <05
D6-CG-H-IC <05 <05 2.1 <05 1.8 11.8 <05 <05 1314.0 31.7 0.7 <05
D6-CG-L-IC <0.5 <0.5 15 <05 1.3 14.7 <05 <05 150.8 321 12.8 <05
D6-Co-H-IC <05 <05 0.7 <05 1.3 27.6 <05 <05 1173.2 26.2 12.8 <05
D6-Co-L-IC <05 <05 0.5 <05 1.2 30.4 <05 <05 159.6 28.3 3.1 <05
D6-Ni-H-IC <05 <05 0.7 <05 13 27.7 <05 <05 1192.3 29.5 18.0 <05
D6-Ni-L-IC <05 <05 0.6 <05 14 30.8 <05 <05 158.0 28.3 1.6 <05
D6-2M-H-IC <05 <05 0.5 <05 12 40.6 <05 <05 1079.1 24.7 11.0 <05
D6-2M-L-IC <05 <05 1.9 <05 0.7 42.6 <05 <05 158.3 24.0 0.8 <05
D12-CG-H-IC <05 <05 120.6 <05 <05 14.6 <05 <05 1326.9 30.0 135 <05
D12-CG-L-IC <05 <05 78.5 <05 <05 12.0 <05 <05 103.9 30.0 <0.5 <05
D6-Co-H-IC <05 <05 0.9 <05 1.3 28.2 <05 <05 1200.0 27.0 13.9 <05
D12-Co-L-IC <05 <05 0.6 <05 14 29.3 <05 <05 1544 27.4 1.2 <0.5
D12-Ni-H-IC <05 <05 12 <05 14 28.6 <05 <05 11775 27.2 17.3 <05
D12-Ni-L-IC <05 <05 1.2 <05 1.6 30.9 <05 <05 164.9 28.9 35 <05
D12-2M-H-IC <05 <05 0.6 <05 14 414 <05 <05 1087.3 23.7 10.1 <05
D12-2M-L-IC <05 <0.5 1.3 <05 14 43.8 <05 <05 160.3 255 1.3 <0.5
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D20-CG-H-IC
D20-CG-L-IC
D20-Co-H-IC
D20-Co-L-IC
D20-Ni-H-IC
D20-Ni-L-IC
D20-2M-H-IC
D20-2M-L-IC
D30-CG-H-IC
D30-CG-L-IC
D30-Co-H-IC
D03-Co-L-IC
D30-Ni-H-IC
D30-Ni-L-IC
D30-2M-H-IC
D30-2M-L-IC

<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05

<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05

174.6
108.57

0.76
0.53
1.36
1.15
0.80
0.64

146.99
203.77

1.03
0.78
2.20
0.99
0.98
1.00

<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05

<05
<05
1.15
1.20
1.43
1.50
1.30
1.28
0.25
0.29
1.53
1.24
1.32
1.27
1.42
1.09

145

12.25
26.98
31.17
29.40
31.78
4255
45.33
14.69
12.49
29.82
33.80
30.48
33.50
42.07
44.16

1.6
<05
<05
<05
<05
<05
<05
<05
<05
0.11
<05
<05
<05
<05
<05
<05

<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05

1339.7
158.04
1170.61
161.87
1205.43
160.05
1129.77
164.43
1400.73
104.64
1276.16
173.92
1264.86
168.94
1150.38
167.17

315

31.07
26.45
29.42
28.85
27.65
25.65
25.62
30.82
33.66
28.61
31.37
28.68
30.70
26.33
26.25

13.3
0.48
12.75
3.16
16.97
0.71
11.48
1.20
12.55
n.a.
13.28
331
20.52
3.56
12.37
131

<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05
<05

Table A-2: Measured ICP-MS data based on cations in the BG-11 recipe reported as ug/L over the duration of the 30 days of the
experiment in chapter 2.

Sﬁgnnﬁ’e'e Na Mg Al P K Ca Ti V Cr Mn Fe Co Ni Cu zn Sr Zr Ba
DOCC 90 aaso0 171 esi0 90t 150 83 02 01 160 395 03 05 119 86 19 01 04
DOCC oo7510 93440 271 13200 40800 59580 17 02 02 1990 720 04 10 179 398 29 BDL 04
DoCo T g0 109 eor30 %YM ee210 86 03 02 200 2 PM 38 222 173 35 02 07
DOCOT 787510 84900 149 12160 34190 57060 17 02 04 2230 130 °N% 50 171 206 25 BDL 05
DONi- 491942 g1eg0 a5 eass0 O71S sose0 80 02 02 12100 282 24 97370 134 85 26 01 05
DON 821520 86760 170 12760 35200 57500 16 02 05 2090 119 06 9% 182 358 26 BDL 05
DoMWL 74300 47 esos0 M 61070 86 03 05 2310 o O 0470481 27 02 07
DOZM goaze0 78350 184 12020 35110 85220 18 02 05 1720 116 0 M990 555 199 40 BOL 14
DLCe SO ganp0 170 vatzo T amzo 92 02 20 679 18 27 35 104 66 16 00 14
DCC gsga10 90570 251 14750 33780 61050 19 02 32 1480 98 08 12 127 327 23 BDL 03
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D1-Co-
L-IC
D1-Ni-
H-IC
D1-Ni-
L-IC
D1-2M-
H-IC
D1-2M-
L-IC
D3-CG-
H-IC
D3-CG-
L-IC
D3-Co-
H-IC
D3-Co-
L-IC
D3-Ni-
H-IC
D3-Ni-
L-IC
D3-2M-
H-IC
D3-2M-
L-IC
D6-CG-
H-IC
D6-CG-
L-IC
D6-Co-
H-IC
D6-Co-
L-IC
D6-Ni-
H-1C
D6-Ni-
L-IC
D6-2M-
H-IC
D6-2M-
L-IC
D12-
CG-H-
IC

84017.0

487001.
0

82597.0

439102.
0

80084.0

536464.
0

86375.0

490765.
0

85268.0

496108.
0

84087.0

452034.
0

83463.0

88055.0

562316.
0
495946.
0

85879.0

501697.
0

86092.0

455526.
0

83760.0

572920.
0

8126.0

7569.0

8482.0

6873.0

7601.0

8545.0

8876.0

7417.0

8232.0

7915.0

8755.0

6764.0

7835.0

9394.0

8608.0

7883.0

8436.0

8821.0

8590.0

6998.0

7744.0

8674.0

BDL

BDL

BDL

BDL

BDL

13.6

22.8

BDL

BDL

BDL

BDL

BDL

BDL

23.2

16.0

BDL

BDL

BDL

BDL

BDL

BDL

10.4

692.0

6568.0

906.0

3884.0

463.0

9155.0

1560.0

6864.0

1073.0

6919.0

1248.0

5376.0

959.0

1307.0

6819.0

9007.0

1679.0

11198.

1962.0

7064.0

1467.0

8202.0

3569.0

17696.
0

3591.0

16405.
0

3660.0

19938.
0

3432.0

18020.
0

3725.0

18348.
0

3792.0

16236.
0

3802.0

3165.0

20106.
0
18533.
0

3894.0
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Table A- 3: Recorded pH probe measurements in the both nutrient enriched and nutrient deficient systems throughout the 30-day
experiment

Time CG-H CG-L NI-H NI-L Co-H Co-L 2M-H  2M-L
Day0 8.89 9.17 8.69 7.92 8.30 7.91 7.84 7.66
Dayl 9.55 9.51 8.44 8.36 8.59 8.56 8.79 8.23
Day3 8.34 9.24 8.11 8.05 8.19 8.07 7.80 8.16
Day6 9.54 9.04 7.80 7.89 7.69 7.80 7.72 7.74
Day 12 4.96 9.37 7.78 7.88 7.74 7.77 7.79 7.78
Day 20 5.01 4.98 7.87 7.88 7.85 7.95 7.85 7.81
Day 30 4.86 4,94 7.87 7.92 7.87 7.94 7.87 7.82

Table A- 4: Recorded conductivity reported as uS/cm through out the 30-day experiment in the both nutrient enriched and nutrient
deficient systems

Time CG-H CG-L NI-H NI-L Co-H Co-L 2M-H  2M-L
Day 0 2758.0 590.1  2565.0 5775 25720 563.8 2348.0 603.0
Dayl 27270 5441  2531.0 578.6  2419.0 568.0 2176.0 589.1

Day 3 2735.0 548.7 2535.0 5753 24740 5731 @ 2250.7 594.2
Day 6 2910.0 569.6 2624.0 618.9 2624.0 599.7 2416.0 639.4
Day 12 2857.7 5283  2599.0 616.5 2560.3 5545  2451.0 660.5
Day 20 3075.0 648.0 2706.0 689.2  2583.7 649.3 2598.7 672.1
Day 30 3153.7 6276  2887.0 706.7 2883.7 6824  2668.3 692.6

Table A- 5: Recorded D.O in solution reported as mg/L during the 30-day experiment in the both nutrient enriched and nutrient
deficient systems

Time CG-H CG-L NI-H NI-L Co-H Co-L 2M-H  2M-L

Day O 8.01 8.09 7.59 7.89 7.91 7.76 7.43 7.67
Dayl 8.01 7.94 7.95 8.11 7.91 7.99 7.70 7.88
Day 3 7.70 7.90 7.56 7.65 7.73 7.76 7.58 7.67
Day 6 8.32 8.08 7.52 7.56 7.66 7.72 1.47 7.51
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Day 12 7.41 7.64 7.39 7.32 7.59 7.52 7.31 7.81

Day 20 7.62 7.33 7.69 71.55 1.54 7.51 7.64 7.69

Day 30 7.61 7.39 7.54 7.56 7.51 7.41 7.39 7.63

Table A- 6: Measured IC data from Chapter 3 experiment
Fluoride  Lactate Acetate Propionate Formate Chloride Nitrite  Bromide  Nitrate Sulfate phosphate  Thiosulfate

POACT <04 <04 0.3 <04 <04 1333 <04 <04 135 30.4 <04 <04
'IDCO'BC' <04 0.2 12 <04 6.9 1299.5 <04 <04 2438 28.9 <0.4 <04
IDCO-CO' <04 0.2 13 <0.4 7.1 13135 <04 <04 245.4 285 <0.4 <0.4
DO-Ni-lc <04 0.2 13 <04 7.1 12938 <04 <04 243.9 28.8 <04 <04
IDCO-Z'V" <04 1.2 3.9 <0.4 248 1306.0 <04 <04 203.0 26.9 <04 <0.4
ACT <04 0.1 0.2 <04 <04 1323 <04 <04 133 316 <04 <04
'|3C1'BC' <04 1.2 3.0 <04 224 1308.6 <04 <04 170.0 256 <04 <04
'|3C1'C°' <04 2.2 47 <04 415 1268.4 <04 <04 210.8 24.4 <04 <04
DLNiiC <04 2.2 45 <04 37.9 1291.4 <04 <04 1925 25.0 <04 <04
'|3C1'2'V" <04 01 1.0 <0.4 5.6 1288.4 <04 <04 156.0 26.7 <04 <0.4
IDCZ'AC“ <04 <04 0.2 <0.4 <0.4 135.3 <04 <04 136 323 0.4 <0.4
IDCZ'BC' <04 11 3.1 <04 215 1306.5 <04 <04 162.1 26.3 <04 <04
e <04 2.0 45 <04 35.9 13128 <04 <04 1827 25.6 <04 <04
D2-Niic <04 18 6.4 <04 285 109.7 <04 <04 170.6 27.0 0.3 <04
'IDCZ'ZM' <04 <04 2.3 <04 5.7 1251.6 <04 <04 152.1 25.1 <04 <04
'|3C3-AC" <04 <04 0.3 <0.4 <0.4 1339 <04 <04 136 321 0.4 <0.4
%3"3(3' <04 12 35 <04 23.0 1294.9 <04 <04 170.7 25.3 <04 <04
oo <04 16 6.7 <04 28.1 1095 <04 <04 162.2 225 <04 <04
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D3-NiIc <04 1.9 46 <04 324 1167.1 <04 <04 165.2 222 <0.4 <0.4
D3-2M-

IC <04 <04 2.3 <04 52 1117 <04 <04 134.1 22.1 <04 <04
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Table A- 7: Measured ICP-MS data accounted for dilution factor of 1000 from Chapter 3 experiment

Na Mg A P K Ca Ti \ Cr Mn Fe Co Ni Cu Zn Sr Zr Ba
DO- 00
oM 3601 171 01 57 186 7037 00 00 00 02 BDL 00 00 04 02 03 : 0.0
D1- BDL
oM 1160 90 01 02 57 666 BDL 00 00 00 04 00 00 02 01 03 0.0
D2- BDL
oM 1147 88 01 01 58 654 BDL 00 00 00 05 00 00 02 01 03 0.0
D3- BDL
oM 1054 76 00 03 55 496 BDL BDL 00 00 04 10 06 02 01 00 0.0
DO- BDL
AC 197 103 01 02 20 722 BDL 00 00 03 02 BDL 00 03 01 00 0.0
D1- BDL
AC 208 102 01 03 20 702 BDL 00 00 03 03 00 00 06 01 00 0.0
D2- BDL
AC 147 78 01 03 16 544 BDL 00 BDL 02 01 BDL 00 07 01 00 0.0
D3-
AC 194 103 01 04 19 715 BDL 00 BDL 04 01 BDL 00 03 01 00 BPL gp
DO-Co 5008 128 01 26 115 7309 00 00 00 02 22 00 00 03 01 03 BDL p
DI-Co 1460 98 01 02 59 7271 BDL 00 00 02 03 00 00 02 01 03 BDL gpg
D2-Co 4739 96 01 04 63 7228 BDL 00 00 01 09 00 00 02 01 03 BDL gqg
D3-Co 4475 79 00 03 55 482 BDL BDL 00 00 03 18 00 02 01 00 BDL gg
DO-
BC 1316 96 01 07 56 7257 BDL 00 00 03 05 00 00 02 01 03 90 oo
D1- BDL
BC 1342 98 01 02 59 7551 BDL 00 00 01 03 00 00 02 01 03 0.0
D2- BDL
BC 1203 92 01 02 55 7171 BDL 00 00 01 03 BDL 00 02 01 03 0.0
D3- BDL
BC 1245 90 01 03 57 6897 BDL 00 00 01 03 BDL 00 02 01 03 0.0
DO- BDL
Ni 1271 93 01 03 55 7132 BDL 00 00 02 03 00 00 03 01 03 0.0
DI-N' 49594 92 01 02 54 7168 00 00 00 01 03 00 00 02 01 03 BDL gqp
D2Ni - 42347 96 01 04 59 570 00 00 00 00 02 BDL 00 02 01 00 BDL gg
D3-NI 4950 84 00 03 52 6646 00 00 00 01 02 00 83 02 01 03 BDL gpg
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Table A- 8: Recorded pH measurements from Chapter 3 experiment

AC BC NI Co 2M
Day0 8.80 8.99 9.04 9.03 8.89
Dayl  9.47 9.47 9.53 9.41 9.52
Day2 8.63 9.38 9.28 9.92 9.55
Day3 7.82 8.93 8.53 9.43 9.02

Table A- 9: Recorded conductivity measurements reported as mS/cm
from Chapter 3 experiment

AC BC NI Co 2M
Day0 9359 4758 4940 4757 4726
Dayl 938.2 4598 4551 4677 4365
Day2 7172 4323 4554 4446 4189
Day3 956.2 4506 3804 9452 839.1

Table A- 10: Recorded Alkalinity measurements reported as mg/L of CaCOs3 from Chapter 3 experiment

AC BC NI Co oM
Day0 31 52 63 53 31
Dayl 32 84 72 63 32
Day2 33 85 63 100 33
Day3 43 100 60 85 43

Table A- 11: Recorded Alkalinity reported as mg/L measurements over the72 hours

Time AC BC Ni Co 2M
Day 0 5.72 6.85 7.12 7.39 7.38
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Day1l
Day 2
Day 3

7.05
7.21
7.39

8.16
9.38
7.39

9.47
8.84
7.43

8.22
9.95
1.27

7.93
9.04
7.58
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