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Highlights:

e Electrocoagulation (EC) can remove silica from oil sands in situ produced water
e Fe%EC is better than AI°-EC since the former can also remove sulfide

e In Fe%-EC, silica removal was attributed to adsorption on FeS precipitates

e Fe%EC consumes less energy than evaporative treatment

e Fe%EC is a promising technology for the treatment of in situ produced water

Abstract

Effective removal of silica and sulfide from oil sands thermal in-situ produced water can reduce
corrosion and scaling of steam generators, enhancing water recycling and reuse in the industry.
The removal of these two solutes as well as calcium and magnesium (i.e., the solutes that can also
cause scaling) from synthetic and authentic produced waters by electrocoagulation (EC) was
investigated in this study. In Fe®-EC, the precipitation of FeS minerals resulted in a rapid removal
of sulfide and adsorption of silica onto FeS. In AI>-EC, silica was removed via adsorption onto
aluminum hydroxides, but sulfide was poorly removed. In both EC systems, Ca?" and Mg?" were
removed from the organic-free synthetic produced water but not from the authentic water, likely
due to the influence of organic species. Contaminant removals in Fe®-EC were controlled by charge
density (g, C/L) but not current density (i, mA/cm?). Overall, this research suggests that EC can
be a promising technology for the treatment of thermal in-situ produced water. Fe®-EC appears to
be a better choice than AI°-EC considering that Fe®-EC was more effective at removing sulfide,

and that Fe® anodes are usually less expensive.

Key words: Oil sands produced water, electrocoagulation, water treatment



1. Introduction

In-situ thermal recovery technologies such as Steam-Assisted Gravity Drainage (SAGD) and
Cyclic Steam Stimulation (CSS) are being increasingly used for the extraction of bitumen in oil
sands deposits [1]. These technologies involve the injection of steam into the subsurface to reduce
the viscosity of dense bitumen. The oil and steam mixture migrates to the production well and is
extracted to the surface. Subsequently, the thermal in-situ produced water (i.e., the water produced
as a result of steam condensation) is separated from oil, treated and either recycled for steam
production or disposed via deep ground injection.

In-situ produced water is comprised of a complex mixture of bitumen residue, dissolved organic
compounds, inorganic salts, and suspended solids [2]. Among these constituents, dissolved silica,
present at concentrations as high as 350 mg/L, is particularly problematic because its precipitation
can lead to scaling of steam generators and clogging of disposal wells. Currently, dissolved silica
is removed from the produced water by lime softening or evaporative treatment [2]. However,
these treatment technologies have high capital cost, are energy intensive and difficult to operate
[3]. Lime softening is also chemical intensive and generates large volume of sludge. Therefore,
novel cost-effective technologies that can effectively remove silica are needed to help the oil sands
industry increase water recycling, reduce energy consumption and production cost, and reduce
environmental impact. To this end, Canada’s Oil Sands Innovation Alliance (COSIA) has
identified the development of innovative silica removal technologies as one of the industry’s
priorities [2]. In addition to silica, removing calcium, magnesium, and sulfide from in-situ
produced water is also desirable because these solutes can cause scaling and corrosion of pipelines

and steam generators [4, 5].



In this study, the treatment of in-situ produced water by electrocoagulation (EC) was explored
for the first time. EC typically employs electric current to corrode Fe® or Al° anodes to release
Fe(I1) (or AI(111)) ions into the solution [6, 7]. These ions then react with solutes in the solution to
form Fe-containing (or Al-containing) precipitates that can adsorb a wide variety of contaminants.
such as arsenic, chromium, heavy metals, natural organic matter, and viruses [8-13]. Compared
with other chemical and biological water treatment technologies, EC offers distinct advantages
including no/minimal chemical addition, adjustable/controllable treatment rate, and reduced
sludge generation [4. 5].

Several studies have shown that EC can remove silica, sulfide, calcium, and magnesium [14-
18], raising the potential of this technology to treat in-situ produced water that contains these
contaminants. However, these previous studies dealt with wastewater streams (e.g., municipal
wastewater, hydraulic fracturing produced water, brackish water, or cooling tower blowdown
water) that were less complex than in-situ produced water. These studies also often focused on the
removal of only one specific contaminant (e.g., sulfide in wastewater, or silica from brackish
water) [15, 16]. Whether EC can remove silica, sulfide, calcium or magnesium when these species
coexist in a complex water matrix like in-situ produced water has not yet been investigated.

We hypothesized that the complex composition of the in-situ produced water will greatly
influence the performance of EC because the nature of the precipitates generated in EC and the
adsorption of contaminants are controlled by the solution chemistry. For example, it has been
shown that in oxygenated solutions the precipitates produced by Fe®-EC were lepidocrocite or a
mixture of lepidocrocite and ferrihydrite, whereas magnetite was produced in anoxic solutions [19-
20]. In contrast, iron sulfide minerals (FeS) were produced when EC was applied to sulfide-

containing waste streams [16, 17]. Because in-situ produced water contains up to a few hundred



mg/L of sulfide, it is likely that the precipitates generated by Fe®-EC treatment would be FeS.
However, silica in the in-situ produced water may influence the formation of FeS because silica is
known to inhibit the precipitation and crystallization of Fe-(hydr)oxides [21, 22]. Therefore, the
nature of the precipitates formed during the treatment of in-situ produced water by EC, and whether
these precipitates can effectively adsorb contaminants remain to be investigated.

The objective of this study was to determine if EC can be used to remove silica and sulfide, as
well as calcium and magnesium, from in-situ produced water. Understanding the complex
chemical processes that take place in the EC/in-situ produced water system may lead to the
development of a more efficient water treatment process for the oil sands industry. To gain insights
into the contaminant removal mechanisms, we employed solutions with increasing water
chemistry complexity, including 1) synthetic solutions containing only inorganic species (i.e.,
silica, calcium, magnesium, sulfide, and other inorganic ions); 2) synthetic solutions containing
the inorganic species and model organic molecules with functional groups representing those of
the organics in the in-situ produced water; and 3) authentic in-situ produced water which was
collected from a heavy oil thermal in-situ facility. These solutions were treated by Fe®-EC and Al°-
EC, employing different current and charge density values. The concentrations of the
contaminants, the potentials of the anode and cathode, and the consumption of power were
monitored throughout the experiments. Additionally, to identify the nature of the precipitates, a
series of characterization techniques such as X-ray Diffraction (XRD), Transmission Electron
Microscopy (TEM), Energy Dispersive X-Ray Spectroscopy (EDS), and Selected-Area Electron

Diffraction (SAED) were employed.



2. Materials and methods

2.1 Materials

All chemicals were of reagent grade and were used without further purification. All solutions were
prepared using 18.2 MQ-cm water (Millipore System). The electrodes used in the EC experiments
were iron rods (d = 4.8 mm, 98%+ purity) and aluminum rods (d = 6 mm, 95.8% purity) obtained
from Goodfellow and Metal Supermarkets. Testing solutions included synthetic produced water
prepared in the laboratory, and authentic in-situ produced water that was collected from a heavy
oil thermal in-situ facility in Alberta, Canada. The synthetic produced water was prepared daily by
dissolving Na>SiO3.9H,0, NaHS.H>0, MgCl».6H,0, CaCl,, Na>2SO4, NaHCOs3, and NaCl into
water to achieve a working solution consisting of approximately 58 mg/L (as Si) dissolved silica,
110 mg/L (as H.S) sulfide, 65 mg/L Ca?*, 20 mg/L Mg?*, 1700 mg/L HCOs", 1900 mg/L Na*,
1945 mg/L CI, and 40 mg/L SO4%. In some experiments, the solution also contained 5 mM of
either 1,3-propanedithiol, cysteine, or glutathione. These model organic compounds were chosen
to represent the thiol, carboxylic acid, and amine functional groups of the dissolved organic
compounds in the produced water. The pH of the solution was adjusted to 7.6 — 7.8. The
composition of the authentic in-situ produced water sample is provided in Table S1 of the
Supporting Information (SI).

2.2 Electrocoagulation experiment

Experiments were carried out at 22 + 1°C in a three-electrode batch cell consisting of 500 mL of
reaction solution that was constantly stirred by a magnetic stir bar. The cell was covered with a lid
which has three openings that held three electrodes (i.e., working, counter, and reference
electrodes), and two more openings for sample subsampling and ORP/pH measurements. The

working and counter electrodes (i.e., anode and cathode, respectively) were iron rods (in the Fe®-



EC experiment) or aluminum rods (in the AI°-EC experiment), and were placed 1 cm apart. The
electrodes were submerged to a depth of 4.8 cm, and therefore the surface area that was exposed
to the solution was 6.15 cm? + 0.1 cm (Fe° electrodes) and 9.3 cm? + 0.1 cm (AI° electrodes). To
measure the potential of the anode, a reference electrode (3M NaCl Ag/AgCl, 0.209 V vs. SHE)
was placed 0.25 cm apart from the anode. The cell was controlled by a VSP potentiostat (Bio-logic
Science Instruments). A picture of the experimental setup is provided in the SI (Figure S1).
Before each experiment Fe® and AI° electrodes were sonicated in water, polished using a
sandpaper, and rinsed again with deionized water. Electrocoagulation experiments were conducted
under galvanostatic mode (i.e., constant current), employing a current range of 0.05 — 0.8 A. At
predetermined time intervals, 10 mL of solution was withdrawn from the reactor and was divided
into two aliquots. The first aliquot was filtered through a 0.2-um syringe filter, and dissolved silica,
sulfide, Ca?* and Mg?* were analyzed in the filtrate. The second aliquot was digested with 37 wt.
% HCI until all precipitates were dissolved. Subsequently, the digested sample was analyzed for
total iron and iron(ll). The anode potential and cell voltage, together with the solution pH and
ORP, were monitored throughout the course of the experiment. The experiments with synthetic
produced water were conducted in triplicate, whereas due to the limited amount of sample
available the experiments with authentic produced water were conducted in duplicate.
Contaminant concentration profiles were plotted against charge density q (C/L), which represents

the electrical charge passed per liter of solution. Charge density is related to current (I) and
electrolysis time (t) according to the following equation: g = IXTt Therefore, q is proportional to
the amount m of iron released into the solution m = %X(p, where M is the molecular weight

of Fe, z is the number of electron involved in the anodic reaction , F is Faraday’s constant (96,485

Coulombs/eq), and ¢ is current efficiency (i.e., the fraction of the charge applied that leads to the



oxidation of Fe). The performance of EC across the 0.05 — 0.8 A current range was evaluated by
comparing the contaminant removal at similar q values (i.e., at similar amount m of iron released).
Since longer electrolysis times t are required with lower | values in order to achieve a similar g,
the electrolysis time spanned from 19.5 min (for experiments with | = 0.8 A) to 312 min (for
experiments with | = 0.05 A). The continuous change in solution volume due to sample sub-
sampling (i.e., 10 mL at each time point) was accounted for in all calculations.

2.3 Analytical methods

A Thermo Scientific Orion Ag/AgCI pH electrode and an Ag/AgCl VWR sympHony ORP/Redox
probe were used to measure pH and ORP. Total dissolved iron and dissolved iron(ll) were
measured using the 1,10-phenanthroline method [23]. Dissolved silica was measured using the
molybdosilicate method [24]. Because the presence of sulfide affects the analysis, samples were
acidified by HCI and sparged with N2 to remove all sulfide prior to addition of the (NH4)sMO7024
reagent. Sulfide was measured colometrically using the Cline method [25]. Calcium and
magnesium were analyzed on a Thermo Dionex Aquion lon Chromatograph. An Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) was employed to analyze for Si, Ca,
Mg and Fe in a subset of samples. Prior to the ICP-OES analysis, samples were acidified and stored
ina 3 wt. % HNOs solution.

Collection of precipitates for XRD characterization involved filtering samples through a 0.22-
um pore size membrane. The materials deposited on the filter were scrapped out, smeared on a
zero-background sample holder, and analyzed for crystal structure on a Rigaku Ultima IV X-ray
diffractometer with Cu Ka radiation. The morphology, surface composition, and crystal structure
of the precipitates were analyzed using a FEI Tecnai G2 F20 TEM coupled with an EDS detector.

Liquid samples containing precipitates were deposited on a TEM grid, blotted with a kimwipes
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paper, and allowed to dry at room temperature. Sample preparation for XRD and TEM

characterizations was conducted under N2 atmosphere to minimize oxidation.
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3. Results and discussion

3.1 Synthetic in-situ produced water (organic free)

Both Fe%-EC and AI°-EC were able to remove dissolved silica, sulfide, calcium and magnesium
from the synthetic in-situ produced water (Figure 1). The contaminant removal efficiency was
dependent on the nature of the contaminant, the amount of charge passed through the reaction cell,
and the type of anode employed (i.e., Fe® vs. Al%). At the end of the experiment (i.e., g = 2090
C/L), over 95% of silica and over 99% of sulfide were removed by Fe®-EC, while only silica was
effectively removed (~ 99%) by AI°-EC. The removal efficiencies of Ca?* (80-85%) and Mg?* (20-
25%) were comparable in both EC systems. The following discussion will focus on elucidating
the electrochemical (i.e., anodic reactions) and chemical (i.e., precipitation and adsorption)
processes taking place in the Fe®-EC system. Subsequently, AI>-EC will be briefly discussed and
compared with Fe®-EC.

3.1.1 Anodic reactions in Fe%-EC. When a current of | = 0.2 A (which corresponds to current
density of i = 32.5 mA/cm?) was applied, the ohmic drop-compensated anodic potential varied
between -0.45 and - 0.35 V vs. SHE (Figure S2). This potential range indicates that the
predominant anodic reaction in the Fe®-EC system was the oxidation of Fe® to Fe(Il) (En = -0.44
V) [26]. Consistent with this hypothesis, the amount of Fe(ll) released from the anode were 90 -
95% of the theoretical amount (which was calculated by assuming that z = 2 in the Faradaic
equation (Figure S3)). Approximately 3% of the iron released from the anode was Fe(l11). As such,
the anodic reactions in our system could also include the oxidation of Fe® and Fe(Il) to Fe(l11).
However, the actual amount of Fe(lll) formed from the anodic reactions could not be determined
as some of the Fe(l1l) could have been reduced by HS to Fe(ll) [27]:

Fe(Ill) + 2 HS" = FeS + S0 + 2 H*

11



3.1.2 Removal of sulfide and formation of FeS. As was mentioned earlier, Fe®-EC was
effective at removing sulfide (Figure 1A). At g = 750 C/L (with z = 2, this corresponded to an Fe
dose of Fe/Sinitir = 1.17/1 mol/mol), over 99.9% of the initial sulfide was removed from the
synthetic solution. Concurrent with sulfide removal was the formation of black-color precipitates
whose morphology and SAED pattern suggest that they are poorly crystalline mackinawite
(Figures 2A and 2B). Therefore, the removal of sulfide was attributable to the reaction between
Fe(ll) and HS", which produced FeS mineral [27]:

Fe(ll) + HS = FeS() + H*
The nearly complete removal of sulfide at Fe/Sinitial = 1.17/1 is consistent with the stoichiometry
of the above reaction.

TEM analyses revealed that FeS was the only type of iron precipitate produced when q < 750
C/L. Atq> 750 C/L (i.e., once all sulfide had been removed), we observed the presence of different
phases of Fe-(hydr)oxide, one of which was magnetite (Figure 2D and S4). However, most Fe-
(hydr)oxide precipitates lacked a well-defined diffraction pattern (Figure 2E and S5). We also
would like to note that, unlike the nanocrystalline mackinawite generated in other studies when
Fe(Il) reacted with HS [28-30], the FeS produced in our experiments lacked well-defined XRD
(Figure S6) and Debye-ring patterns (Figure 2B). The amorphous/poorly crystalline nature of the
precipitates produced in our study was attributable to the presence of a small amount of oxygen in
the solution (< 0.5 mg/L) [31], and the presence of silica, a solute known to inhibit the formation,
growth, and crystallization of iron minerals [21, 22]. Because more than 97% of the Fe in the
precipitates were Fe(ll) (Figure S3), the Fe-(hydr)oxides must be Fe'-(hydr)oxides (e.g., green

rust type of minerals). Throughout the course of the experiment, the solution remained anoxic (DO
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< 0.5 mg/L, ORP < -200 mV, Figure S7), a condition that has been shown to favor the formation
of magnetite and green rust [19].

Also present among the precipitates was elemental sulfur (S°, Figures 2F and S8). S° could
have been produced from the anodic oxidation of HS", and/or from reactions in the bulk solution:

Anodic oxidation: HS =S%+2e + H* (En=-0.23V)[32]

Bulk solution reaction: Fe(lll) + 2HS =FeS + S%+ 2 H*

3.1.3 Removal of silica, calcium, and magnesium. The concentration of dissolved silica in the
synthetic solution gradually decreased as charge was passed through the Fe®-EC reactor (Figure
1A). Approximately 65% and 95% of the initial silica was removed when g = 750 C/L (i.e., when
FeS was the predominant solid phase) and q = 2090 C/L (i.e., when both FeS and Fe-(hydr)oxides
were present), respectively. The removal of silica was attributable to the sorption onto FeS at the
initial stage, and onto both FeS and Fe-(hydr)oxides at the later stage. Whereas adsorption of silica
onto Fe-(hydr)oxides has been well studied [33-37], we are not aware of any reports of adsorption
of silica onto FeS. Nevertheless, the removal of silica via other mechanisms cannot be excluded.
For example, because the EDS spectrum of the FeS precipitates (Figure 2C) consisted of Si, Fe,
and Ca peaks, it could be possible that silica was removed via the precipitation of silicate minerals
(e.g., CazSiO4 or FezSi04). The detailed mechanisms through which silica is removed and factors
affecting these processes merit further investigation.

Fe%-EC was also effective at removing Ca?* from the synthetic produced water as the
concentration of Ca®* decreased by over 85% when q = 2090 C/L (Figure 1A). In contrast, only
less than 25% of the initial Mg?* was removed. The removal of Ca?* and Mg?* was most likely
due to the formation of sparingly soluble minerals such as CaCOs;, CaMg(COs3)., MgCOs,

Mg(OH)., and others (e.g., silicate minerals). During the experiment, the solution pH increased
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from 7.7 to 8.9 (Figure S9). At pH 8.9, speciation calculations predicted that over 99% Mg existed
as dolomite, and over 98% Ca existed as dolomite and calcite (Figure S10). However, dolomite
does not form at ambient temperature [38-40]. When dolomite was excluded from the calculation,
the equilibrium model predicted that 85% Mg existed as magnesite, and 99% Ca existed as calcite
(Figure S11). As with dolomite, magnesite does not form at ambient temperature [39, 40]. When
both dolomite and magnesite was excluded from the calculation, the model predicted that 100%
Mg existed as soluble species.

It is important to mention that the pH reported in this study is the pH of the bulk solution.
However, lower and higher pH regions could have been developed in the vicinity of the anode and
cathode, respectively. The rates of Ca?" and Mg?* precipitation in these regions could be
significantly different from those in the bulk solution [41-43]. For example, Mg(OH)2, which
precipitates at pH values greater than 10, could have been formed in the alkaline pH regions in the
vicinity of the cathode [43]. While the mechanism through which Mg?* was removed was not
entirely clear, the relatively poor removal of Mg?* compared with the removal of Ca** may have
been due to the slower rates of formation of Mg minerals than that of Ca minerals.

3.1.4 Effect of current density on contaminant removal and energy consumption. In EC,
whereas coagulant dose is determined by g, coagulant dosing rate is controlled by the electrolysis
current I; that is, higher currents result in higher fluxes of Fe(ll). Previous studies have reported
that with the same charge density, better contaminant removal can be achieved at lower | [43, 44].
This is because of the higher current efficiency ¢ at lower | and/or the increased contact time
between coagulant and contaminants due to longer electrolysis time.

The removal of sulfide, dissolved silica, Ca?* and Mg?* at | = 0.05 — 0.8 A (i = 8.13 — 130

mA/cm?) was investigated and compared. The results showed that while contaminant removals
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were dependent on the Fe dose (i.e., better removal of Si, Ca?* and Mg?* at g = 2090 C/L than at
g =750 C/L), they were not appreciably affected by i (Figure 3A and 3B). At g = 2090 C/L, despite
the significantly different electrolysis times (t = 19.5, 78, 156, and 312 min with i = 8.13, 32.5,
65.0, and 130 mA/cm?, respectively), a similar removal of silica, Ca, and Mg was achieved in all
cases. This observation suggests that the adsorption and/or precipitation of the contaminants took
place relatively quickly. The slightly better removal of Mg?* at i = 8.13 mA/cm? could be due to
the longer electrolysis time which allowed for the formation of the slower-forming Mg minerals.

The electrolysis current | strongly influenced the energy required during the treatment. For the

UXIXt
14

same silica removal percentage, the cumulative energy consumption, P = (KWh/m3, with

U being the cell voltage), increased as | increased (Figure 4). The higher energy demand was the
result of the higher cell voltage U (Figure S11), which was caused by increased overpotential and
ohmic drop.

3.1.5 Comparison of Fe®-EC with AI>-EC. As noted above, the most prominent difference
between Fe®-EC and AI-EC°was that AI°-EC was much less effective at removing sulfide (Figure
1). In Fe®-EC, sulfide was removed via reactions with Fe(ll) and Fe(l11). Because Al(111) ions do
not react with sulfide, the removal in AI°-EC was most likely due to (1) the stripping of H2S, which
was accelerated by the generation of gas bubbles at the electrodes; and (2) the electrochemical
oxidation of sulfide on the anode. (As in the Fe®-EC experiment, we observed the presence of S°
among the precipitates formed in AI>-EC (Figure S12)). At similar charge density values, the
removals of silica, Ca** and Mg?" by Fe’-EC and Al%were comparable (Figures 1), with the
removal of Mg?* by AI>-EC (50%) being slightly better than by Fe®-EC (20%). The removal of
these contaminant was attributable to adsorption onto Al(OH)s and precipitation of carbonate or

hydroxide minerals (Figure S13). However, considering that Fe®-EC was significantly more
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effective at removing sulfide, and that Fe® anodes are less expensive than AlI° anodes, Fe%-EC
appears to be a better choice than AI°-EC.

3.2 Authentic in-situ produced water, and synthetic in situ produced water containing organics
In addition to the inorganic solutes, in-situ produced water consists of organic components
including oil, grease, and dissolved organic carbon (TOC 200 — 600 mg/L) [2]. The presence of
these components could affect the formation of Fe precipitates, and the adsorption/precipitation of
contaminants of interest.

The utility of Fe®-EC was further examined in a series of experiments that employed an
authentic in-situ produced water sample, and key observations were as follows. Firstly, the Fe°-
EC treatment was able to remove sulfide from the produced water. Although it was not possible to
quantify the concentration of sulfide in the solution as the presence of organic reduced sulfurs
interfered with the Cline method, the removal of sulfide was evidenced by the formation of FeS
(Figure S14). FeS in fact was the predominant precipitate at all q values employed because iron
(hydr)oxides were not observed by TEM. Secondly, as in the synthetic produced water
experiments, an excellent removal of silica was achieved. Treatment with a charge density of q =
750 C/L reduced silica concentration by over 60% (Figure 5), producing a treated solution
containing less than 25 mg/L Si (i.e., the desirable concentration specified by the oil sands
industry) [2]. The energy required to achieve this removal level at | = 0.2 A was estimated at
approximately 1.1 kwh/m?® (Figure S15). At this rate, EC’s energy demand is over 10 times less
that of the evaporative treatment technology, which typically consumes 10 — 15 kWh/m? [46].
Since the energy demand by EC will vary depending on the reactor configuration (e.g., electrode

shape, the distance between electrodes, flow condition) and operational parameters (e.g., current
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density, retention time), further research is needed to optimize the treatment of produced water by
EC and reduce energy consumption.

Thirdly, both Ca?* and Mg?* were not appreciably removed (Figure 5). This was attributable
to the complexation of Ca?* by dissolved organic compounds, which inhibited the precipitation of
Ca minerals. This hypothesis was supported by an experiment with synthetic water samples that
also contained 5 mM of either 1,3-propanedithiol, cysteine, or glutathione. The results of this
experiment (Figure S16) showed that the presence of each of these organic compounds
inhibited/retarded the removal of Ca?".

In addition to inhibiting Ca?* removal, it was observed that the organic components influenced
the precipitate dynamics. In particular, the precipitates settled much more slowly in the produced
water experiments than in the organic-free synthetic water experiments. The precipitates produced
in the presence of 1,3-propanedithiol, cysteine, or glutathione also settled at slower rates. This is
likely due to the sorption of organic compounds onto the precipitates, which slowed the rate at
which the precipitates aggregated into larger flocs. Notably, solution foaming was a common
phenomenon in the experiments with the authentic produced water. This was attributable to the
foaming of oil and grease caused by the evolution of gas bubbles generated at the electrodes.
Foaming often led to incomplete mixing of the solution and, in extreme cases, resulted in
precipitate flotation (Figure S17). While foaming could present significant operational challenges,
flotation could help separate the precipitates from the treated water (a process commonly referred
to as electrochemical flotation [47]). Future research investigating the dynamics of the precipitates
in the solution may help determine the most appropriate technology for separating the precipitates

from the treated water.
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4. Conclusions

This research explored the treatment of oil sands in-situ produced water by electrocoagulation,
focusing particularly on the removal of silica, sulfide, calcium and magnesium. Major findings
and their implications are summarized below:

e Both Fe®-EC and AI°-EC were effective at removing silica, which was the contaminant of
primary concern, from the synthetic and authentic produced water. The added benefit of Fe’-
EC was that it could also effectively remove sulfide. Therefore, Fe%-EC seems to be a better
choice than AI>-EC, especially considering that Fe® anodes are less expensive than Al° ones.

e Compared with the two popular silica removal technologies in the oil sands industry, namely
warm/hot lime softening and evaporative treatment, Fe%-EC consumed less energy than
evaporative treatment, and is particularly superior to warm/hot lime-softening because of its
ability to remove sulfide. Future research investigating how factors such as reactor
configuration and operating parameters influence energy demand will help optimize Fe®-EC
and reduce treatment cost.

e While silica is the primary scalant of concern, removal of Ca** and Mg?* is also desirable.
Both Ca?* and Mg?* were poorly removed from the authentic produced water, so additional
research is needed to improve their removal.

e Additional research is also needed to evaluate other issues including scaling of the electrodes,
methods of separating precipitates from the treated water, and disposing and managing of the
FeS sludge generated from the treatment.

e In Fe®-EC, silica was removed by adsorption onto FeS, a phenomenon reported here for the
first time. Future research is needed to investigate the mechanisms of adsorption (e.g., surface

complexation or electrostatic interaction) as well as adsorption kinetics and isotherm. This
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further understanding is not only relevant to the Fe®-EC/produced water system, but it may
also help elucidate geochemical processes in the environments where dissolved Fe(ll), sulfide,

and silica coexist (e.g., anoxic sediments, hydrothermal vents).
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Figure 1. Removal of contaminants from synthetic produced water by Fe®-EC (A) and AI°-EC

(B). 1=0.2 A (i = 32.5 mAlcm?).
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Figure 2. (A-C): TEM image and associated EDS spectrum and SAED pattern of the FeS
precipitates formed in the Fe®EC experiments with synthetic produced water. Detailed
information about the Debye-ring spacings is provided in the Sl. (D-E): TEM images showing the
formation of Fe-(hydr)oxides after all sulfide was removed. The hexagonal-shape precipitate in
panel D was identified to be magnetite (FesOs) based on its SAED pattern (Figure S4). The
precipitate in panel E did not have a well-defined SAED pattern. (F) TEM image showing the

presence of elemental sulfur (S°) in the precipitate mixture.
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Figure 3. Comparison of contaminant removal at different current densities (i = 8.13 — 130
mA/cm?) and charge densities (q = 750 C/L and 2090 C/L, which correspond to iron doses of

Fe/Sintia = 1.17/1 (A) and 3.29/1 (B), respectively).
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Figure 4. Cumulative energy consumption with increasing silica removal at different current

densities.
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Figure 5. Contaminant concentration profiles in the Fe®-EC experiment (I = 0.2 A) with the
authentic in-situ produced water. Experiments were conducted in duplicate, and the average values
along with the range are presented. The increase in the concentrations of Ca?* and Mg?* at the
beginning could be due to the presence of high amount of oil and grease in the untreated sample
(i.e., corresponding to charge density g = 0 C/L) which interfered with the analysis. The oil and
grease components were quickly separated (by foaming) after electric current was passed through

the solution, and therefore the subsequent analyses are likely more reliable.
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