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1 | INTRODUCTION

Dominic Manno' | JieSui' | Xiaomeng Wang® |

Abstract

In this study, removal of dissolved organic carbon and naphthenic acids (NAs)
from oil sands process-affected water (OSPW) was evaluated in flow-through
microbial fuel cell (MFC), microbial electrolysis cell (MEC), and microbial
electrosynthesis (MES) cell setups with aerated cathodic compartments. At a
hydraulic retention time of 2.4 days, the MEC and MFC setups demonstrated
79% and 4.0% removal efficiency of organic materials, respectively, with corre-
sponding degradation rates of 27.25 and 1.86 mg (Lg day) ' (R = total reactor
volume). NAs removal was also significantly higher in the MEC operated at
1.4V with 54% and 21% removal for the MEC and MFC setups, respectively.
Furthermore, once the MEC applied voltage was increased to 2 V (MES mode),
NAs removal was further improved, reaching 70% efficiency. Analysis of
microbial community composition using 16S rRNA gene amplicon sequences
indicated the presence of known electroactive species and microbial popula-
tions capable of degrading hydrocarbons and NAs.
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ethylbenzene, and xylenes), and phenols.** In addition to

these components, dissolved salts and heavy metals contrib-

Petroleum bitumen reserves in the Athabasca region of
northeastern Alberta in Canada are one of the world’s larg-
est proven petroleum sources.'! However, extraction of this
bitumen can cause adverse environmental impacts.”! Oil
sands surface mining operations utilize huge volumes of
hot and caustic water for bitumen extraction, which
generate wastewater that is referred to as oil sands process-
affected water (OSPW). OSPW is a complex mixture con-
taining several major classes of contaminants, including
naphthenic acid fraction compounds, polycyclic aromatic
hydrocarbons  (PAHs), BTEX (benzene, toluene,

ute to the overall OSPW toxicity. Previous studies reported
the ecological toxicity impacts of OSPW on aquatic and ter-
restrial biota that preclude the direct release of OSPW
into the environment.>®! The toxicity of OSPW is
mainly derived from the presence of polar organic
compounds,*”#! of which the most notable constitu-
ents are oxygenated NAs.”! Classical NAs (0,-NAs)
account for less than 50% of the compounds present in
the organic fraction of OSPW.!*l These classical NAs
(hereafter referred to as NAs) are recalcitrant and are
not efficiently removed by conventional aerobic and
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anaerobic biological treatment methods, which may
require several years of treatment and still result in
incomplete degradation.!')

Physical and biological treatment methods for the
removal of NAs and PAHs from OSPW include reclaimed
landscapes such as end-pit lakes where fine tailings are
capped with a mixture of OSPW and freshwater, wetland
filtering of organics, or adsorption utilizing cost-effective
adsorbents derived from petroleum coke.!''"*3! Chemical
treatment methods, including advanced oxidation,[“] are
also being considered and tested at large scale.">'®! Limi-
tations of these advanced technologies used for NAs
removal include high costs,*”'*! while limitations of bio-
logical treatment methods, such as wetlands, include
incomplete removal of NAs and seasonal operating
constraints.'**1 A comprehensive review of these tech-
nologies is provided elsewhere.”*) Besides organics, other
constituents in OSPW may also require treatment,
including trace metals and metalloids such as Al, As, Cr,
Cu, Fe, Pb, Ni, Se, and Zn.!?°"2?

Bioelectrochemical systems (BES) provide a promis-
ing approach for the energy-efficient treatment of com-
plex wastewater streams.?*! In a BES, electroactive
microorganisms exchange electrons with solid electrodes
enabling oxidation of organic materials at the anode.!**
In a microbial fuel cell (MFC), oxidation of organic mate-
rials at the anode is coupled with oxygen reduction reac-
tion at the cathode resulting in electricity production.!”!
A microbial electrolysis cell (MEC) requires an external

energy input and is operated at applied voltages in the
range of 0.8-1.4 V, which is below the practical threshold
for water electrolysis.”?>?”! Finally, a microbial electro-
synthesis cell (MES) combines water splitting at the
anode with biocatalyzed reductive reactions at the cath-
ode by operating at a higher (above 1.8 V) applied volt-
age.[?®! Notably, reduction of metal ions can be achieved
at MEC and MES cathodes.!**!

While all bioelectrochemical systems utilize electroac-
tive microorganisms to facilitate electron exchange
between organic and inorganic compounds and solid elec-
trodes, the removal mechanisms can be rather different,
thus necessitating a detailed comparison between different
bioelectrochemical treatment methods. In fact, very few
studies dedicated to bioelectrochemical treatment of
NA-contaminated waters can be found. These studies
include a demonstration of oil sands tailings treatment
in an MFC,?>*°! and a microbial electrochemical cell
sensor as a bioanalytical tool for monitoring NAs con-
centrations in OSPW.*Y Also, a lab-scale feasibility
assessment of OSPW treatment in a flow-through MEC
with micro-aerated porous electrodes was recently carried
out.*? However, OSPW treatment in MFC, MES, and MEC
has not yet been directly compared to determine the most
efficient approach. Accordingly, this study presents the first
attempt to directly compare the efficiency of OSPW treat-
ment under different bioelectrochemical conditions by oper-
ating the setups simultaneously and using the same
influent OSPW feedstock.
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2 | MATERIALS AND METHODS

2.1 | Experimental setup and operating
conditions

Figure 1 shows the schematic representation of the hori-
zontal flow-through MEC and MFC experimental setups
used in the experiments. The MEC setup was also used to
perform the MES experiment by increasing the applied
voltage above the threshold for water electrolysis. The MEC
and MFC setups were constructed from Plexiglas plates and
had identical design with rectangular-shaped tanks consist-
ing of four chambers. Each tank had two electrode com-
partments (anode and cathode) separated by perforated
polypropylene sheets (3 mm hole diameter) covered with
polyester geotextile, with approximate thicknesses of 2 mm
and 1 mm, respectively. Each compartment had a working
volume of 0.67 L, corresponding to a total working volume
of 1.34 L. The tanks were filled with metallurgical coke pro-
vided by CanmetENERGY, Natural Resources Canada
(Ottawa, ON, Canada) that was crushed and sieved to
obtain pieces in the range of 10-30 mm. To equilibrate
water flow, there were 0.16 L influent and effluent compart-
ments at both ends of the tanks.

Titanium/iridium oxide meshes of 45 mm x 120 mm
x 1 mm were inserted in the middle of each anode com-
partment to serve as current collectors. Similarly-sized
stainless steel meshes were used as current collectors in
the cathode compartments. A Masterflex® L/S pump
with pump head model 7017-20 and Masterflex Nor-
prene 6404-14 tubing supplied air via aeration stones
positioned at the bottom and centre of the cathodic
chambers of tanks T1 (MEC) and T2 (MFC), that is,
both MFC and MEC cathodic compartments were aer-
ated at an air flow rate of 30 L/day (Figure 1). A power
supply (Texio PW18-1.8AQ from Kenwood Corp.,
Tokyo, Japan) was used to maintain a voltage of 1.4V
between the MEC anode and cathode current collectors
(meshes). Furthermore, between days 63 and 91 of MEC
operation, the applied voltage was increased to 2.0V,
essentially converting this setup to a MES cell. An exter-
nal resistance (Rey;) of 1000 Ohm was connected to the
anode and cathode current collectors of the MFC setup
and the MFC voltage was periodically measured using a
multimeter.

The two tanks were inoculated with anaerobic sludge
obtained from an upflow anaerobic sludge bed reactor treat-
ing agricultural wastes (Rougemont, QC, Canada). Approxi-
mately 50 mL of homogenized sludge with a volatile
suspended solids content of 50 g L' was added to each
compartment. The tanks were fed with the same influent
OSPW solution to obtain a desired hydraulic retention time
(HRT) of 2.4 days based on preliminary tests. HRT values
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were calculated based on the total working volume of the
tanks (1.34 L). Feeding solution was introduced to each
tank near the bottom, while the resulting treated water flo-
wed out at the upper portion of the tank to promote better
mixing (Figure 1). The feed solution was replenished
weekly and the stock OSPW solution was stored at +4°C.
Additionally, to prevent nutrient-related limitation of
microbial activity, nutrients solution containing 2 g L™ of
commercial NPK (nitrogen phosphorus and potassium:
20-8-20) fertilizer (Nutrite Division of Ferti Technologies
Inc., Rheaume, Quebec, Canada) was prepared and injected
into the influent stream at a flow rate of 2.5 mL days
using a syringe pump. The resulting influent N, P, and K
concentrations were 1.8, 0.4 and 1.8 mg L respectively.

Tanks were operated at a room temperature of
22 + 1°C and the performance of each of the two tanks
was assessed through physicochemical and bioelectro-
chemical analyses, as described below.

Coulombic efficiency (CE) was calculated as the ratio
of total electrons recovered in 24 h, as described by
Jugnia et al.l*%!

Ixt

CE=——
Fxnx%

x 100, (1)

where I is the current (A), t is the time interval (86,400 s),
F is the Faraday constant (96,485 C mol '), n is the num-
ber of moles of electrons produced per mol of substrate
(mol mol %), w is the daily amount of removed chemical
oxygen demand (COD), and M is the COD molecular
weight (g). An average molecular weight of 178.6 g was
assumed based on average diesel composition,
C12_9H23_9.[33] Accordingly, n =24 was used for the
calculations.
Removal efficiencies were calculated as follows:

Ei _ (Cin,i - Cout,i) E, (2)
Cin,i

where Ci, is the influent concentration of the i-th com-
pound (mg L") and Cout1 is the effluent concentration of
the i-th compound (mg L)

Energy production in the MFC setup was calculated
based on output voltage measurements and an external
resistance value of 1000 Ohm. Energy consumption in
the MEC setup was calculated using current measure-
ments at a constant applied voltage of 1.4 V.

To ensure accurate comparison between different
modes of operation, the tanks were operated under each
set of operating conditions until steady-state performance
was achieved, characterized by less than 15% variation in
effluent COD and NAs concentrations. Overall, the tanks
were operated for 515 days. When a sufficient number of
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TABLE 1 Physico-chemical properties of the feedstock (tank
influent) OSPW.
Parameters Units Concentrations
Chemical oxygen mg L~* 154.1+13.7
demand (COD)
Naphthenic acid mg L' 11.6 1.5
F2 (Cyg to Cyg) mg L~! 49+ 4
F3 (C16 to Cas) mg L™* 53+4
Alkalinity mg L™ (as CaCO;) 333+36
Ammonium mg L~ (as N) 31.7+£2.5
Total N-Kjeldahl mg L™ as N) 544+42
Dissolved mg L~* 209+ 1.1
organic carbon
Conductivity pS cm ™! 2150 £ 120
Orthophosphates mg L~ (as P) 122 +0.7
pH 8.32+0.3
Sulphates mg L~* 248 £ 16
Nitrites-nitrates mg L~! (as N) 0.16 + 0.05
Arsenic pg L7t 1.8+0.1
Copper pg L 687+6
Nickel pg L7t 4£0.02
Zinc pg L7t 341
Total hardness mg L (as CaCO3) 204 £ 11

measurements were available, average values were com-
pared using t-test with a p value of 0.05.

2.2 | Chemicals and analytical
measurements

OSPW was collected from an oil sands tailings pond
in Alberta, Canada and stored at room temperature.
Detailed OSPW characterization is provided in Table 1.
All other chemicals were of analytical grade.

The performance of each tank was monitored by peri-
odically analyzing samples collected from the influent
and effluent streams. Samples for COD, naphthenic acid
(NAs), and metal analyses were filtered using 0.45 mm
pore size Millex® filter (Millipore®) prior to analyses.
COD measurements were performed in a PeCOD ana-
lyzer (Mantech Inc., Guelph, ON, Canada), while dis-
solved metals were analyzed using an inductively
coupled plasma mass spectrometer (ICP-MS) as outlined
in method MA. 200 — Mét. 1.2 by the Centre d’expertise
en analyse environmentale du Quebec.**! The standard
deviations of all analytical methods, estimated based on
triplicate measurements, were consistently less than 5%
of the absolute value.

2.3 | Naphthenic acid concentration
measurements

Concentrations of O,-NAs were analyzed using a Bru-
ker MicroTOF-Q Mass Spectrometer coupled with an
Agilent HPLC using electrospray ionization in negative
ion mode. This method was used to determine the
characteristic retention time and peak area of in-
dividual NAs, as well as the presence and total NAs
concentrations in samples using extracted ion chroma-
tography (EIC) with Bruker Compass Target Analysis
software. For analysis, 950 pL of each sample was
spiked with 50 pL of an internal standard (1 mg L ™" of
Decanoic acid-d3). A 50 pL aliquot of this mixture was
then injected into a PerkinElmer Brownlee™ SPP C8
(2.1 mm x 100 mm, 2.7 pm) column at 30°C. The gra-
dient method at a flow rate of 0.3 mL min~" was 45%
mobile phase B held isocratically for 2 min, followed
by the linear gradients of 45% to 67% B for 1 minute
and 67% to 100% B for 7 min, and was then held at
100% B for 5 min. The composition of mobile phases A
and B were 90%/10% water/methanol with 10 mM
ammonium acetate and 100% methanol with 10 mM
ammonium acetate, respectively. The MicroTOF-Q was
scanned over a mass range of 100-650 m/z. The elec-
trospray ionization source temperature and drying gas
flow rate were 200°C and 8 L min~', respectively. A
standard mixture of naphthenic acid (Sigma-Aldrich
70340-250 mL, Canada) was diluted to a concentration
of 50 ppm, spiked with Decanoic acid-d3 internal stan-
dard with a final concentration at 50 ug L™' and ana-
lyzed using the method previously described. One
wash injection with 50 pL of 0.02% NH,OH and isopro-
panol (1:1 v/v) followed by one equilibrium injection
of 50 ug L™' of Decanoic acid-d3 internal standard
blank was performed after each injection to ensure the
removal of any possible carryover and column equili-
bration. The total amount of NAs in each sample was
calculated based on the response relative to the
50 mg L' standard mixture of NAs.

2.4 | Biomolecular characterization

At the beginning (T,) and end of the MFC and MEC
operation (at 1.4 V applied voltage), corresponding to
63 days of the experiment, electrode material (metal-
lurgical coke) samples were collected from the anode
and cathode compartments of the MFC and MEC
tanks for biomolecular analyses. For this analysis,
genomic DNA was extracted from a 0.5 g (wet weight)
metallurgical coke sample using the DNeasy PowerSoil
Kit (Qiagen, Toronto, Canada) following
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manufacturer’s protocols. Thereafter, biomolecular
analysis was performed on extracted DNA samples to
evaluate microbial community diversity and relative
abundance of the various taxa present in samples via
high throughput 16 s rRNA gene sequencing, as
described by Jugnia et al.[*?)

3 | RESULTS AND DISCUSSION

The study was designed to compare the performance of
MFC, MEC, and MES during OSPW treatment. All exper-
iments were conducted using the same OSPW collected
from a tailings pond in Alberta, Canada. The removal of
OSPW by different bioelectrochemical systems was
directly compared by simultaneously operating the MFC
and MEC setups, followed by operating the MEC setup at
an increased applied voltage corresponding to the MES
mode of operation.

3.1 | Removal of organic materials

While MFC requires the presence of oxygen in the cath-
ode compartment,®*’ MEC typically operates under
strictly anaerobic conditions.*®! Nevertheless, our previ-
ous study demonstrated successful COD removal in a
flow-through MEC with microaeration of both anode
and cathode compartments.m] Moreover, MFC anode
operation under microaerobic conditions has also been
demonstrated.'*”) To compare the bioelectrochemical sys-
tems under similar operational conditions in terms of
oxygen supply, both MFC and MEC cathode compart-
ments were continuously aerated, while the anode com-
partments were maintained under anaerobic conditions.
Nevertheless, limited transport and diffusion of dissolved
oxygen from the aerated cathodes cannot be excluded.

Th removal of organic materials from polluted water
is an important indicator of treatment efficiency. It can
be characterized by measuring the total COD concentra-
tion of the influent and effluent streams and calculating
the overall removal efficiency. Hydrocarbons and their
biodegradation intermediates are expected to contribute
to the observed COD values. NAs also contribute to total
COD measurements, although to a lesser extent, since
OSPW contains relatively low concentrations of NAs.
Specifically, the OSPW feedstock used in this study con-
tained a relatively low concentration of NAs. However,
NAs are highly toxic! and their removal is essential for
the successful biological treatment of OSPW.

Throughout all experiments the COD concentra-
tions in the influent streams of MEC and MFC tanks
averaged 154.1 + 13.8 mg L ~*. In the MEC effluent, the

THE CANADIAN JOURNAL OF 5

CHEMICAL ENGINEERING
COD concentration progressively decreased from
144.5 mg L' shortly after the experiment started, to
103.6 mg L' towards the end of MEC operation at
1.4V (day 63, Figure 2A). This corresponded to an
improvement in COD removal efficiency from 6.2% to
32.8%, with removal rates increasing from 3.73 to
11.31 mg (Lg d)~'. COD removal by the MFC setup was
consistently lower, with the effluent concentrations stabi-
lizing relatively early in the experiment, with a mean
value of 148.1 + 7.8 mg L ~' (Figure 2B and Table 2), cor-
responding to an average removal efficiency of only 4%.
Since no improvement in COD removal was observed
over time, the MFC test was stopped on day 74. The
observed low removal efficiency of MFC can be attributed
to such factors as relatively low dissolved oxygen concen-
tration of 1-3 mg L' measured in the cathode chamber
at the end of the experiment, the absence of efficient
cathodic catalysts, such as Pt, at the cathode, and low
concentration of rebiodegradable organic matter at the
anode.

In the following phase of the experiment, MEC was
converted to MES by increasing the applied voltage to
2.0 V. This voltage increase led to electrochemical water
splitting at the anode (hence MES mode of operation)
and a considerable improvement in COD removal, with
the effluent COD concentration dropping to 32.4 mg L™*
(Figure 2A, day 91). Accordingly, the removal efficiency
approached 79%, corresponding to a removal rate of
273 mg (Lg d) %

The difference observed between COD removal in the
MEC, MES, and MFC setups suggested that the removal
mechanisms were different within the three systems.
Considering that cathode compartments contained a
single sparger with a limited zone of influence, low
dissolved oxygen concentrations were expected, corres-
ponding to micro-aerobic conditions. Under such condi-
tions a layered biofilm structure can be hypothesized,
where aerobic bacteria grow at the biofilm surface and
consume oxygen present in the bulk liquid. Oxygen con-
sumption by these aerobic microorganisms creates an
anaerobic biofilm core,**! suitable for housing numerous
anaerobic microbial populations, including electroactive
(cathodophilic) microorganisms. The resulting complex
microbial community with different metabolic functions
supported multiple aerobic and anaerobic biodegradation
pathways.Bg] Examples of combined anaerobic-aerobic
microbial biofilms successfully used for degrading com-
plex organic compounds include combined nitrification-
denitrification® and coupled aerobic-anaerobic
degradation of chlorinated organic compounds.'*”’

Analysis of the spatial distribution of COD concentra-
tions within the tanks showed that in both setups,
removal generally occurred within the first chamber
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Changes over time of chemical oxygen demand (COD) and naphthenic acids (NAs) concentrations in the influent, middle

point (cathode/anode separator), and effluent of the microbial electrolysis cell (MEC) and microbial fuel cell (MFC) tanks. The arrows
indicate a change in the voltage from 1.4 to 2.0 V on day 75. NM = not measured. (A, B) COD concentrations in the MEC and MFC tanks,
respectively; (C, D) NAs concentrations in the MEC and MFC tanks, respectively. Standard deviations of influent COD and NA

concentrations are given in Table 1.

TABLE 2
microbial electrolysis cell (MEC) operation (energy consumption).

Coulombic efficiency (CE) and energy consumption/production (EC/P) estimations. Negative EC/P values correspond to

Tank Voltage V Current mA Power mW COD removal % NAs removal % CE % EC/P mWh
MFC 0.1 0.02 0.002 5.2 30 3.0 +0.006"
MEC 1.4° 3.1 4.3 35.1 54 68.3 —22°

MES 2.0° 53 10.6 79.2 70 51.7 -2.1°

Abbreviation: COD, chemical oxygen demand.

#Produced, excluding energy consumption for cathode compartment aeration.
Consumed, excluding energy consumption for cathode compartment aeration.
“Applied voltage.

(anode) of each tank (Figure 2A,B). It can be hypothe-
sized that at the MFC and MEC anodes, the feed solution
still contained enough nutrients, thus supporting COD
removal that was achieved by two concurrent pathways
involving electroactive and anaerobic microorganisms.
Notably, the average current of the MEC setup was sig-
nificantly higher (3.1 mA at 1.4 V) as compared to the
MFC current (0.02 mA). Additional removal of COD was
expected in the aerated cathode compartments, but the
contribution of aerobic bacteria, especially in the MFC
setup, appeared to be insignificant, probably due to lim-
ited biodegradability of organic materials and nutrients

already depleted in the anode compartment. As mentioned
above, low performance of the MFC both in terms of COD
removal and current production can be also related to lim-
ited oxygen reduction reaction at the biocathode, which
was lacking an efficient catalyst such as Pt.

Once MEC was converted to the MES mode of opera-
tion by increasing the voltage from 1.4 to 2.0 V, the cur-
rent increased to 5.3 mA. Improved biodegradation in
both the anode and cathode compartments was observed
(Figure 2A), that is, the COD removal efficiency of the
three bioelectrochemical systems was directly propor-
tional to the average current of each setup. It can be

9SUDIT suowo)) dAnear) ojqeatjdde ayy Aq pauIsA0S aIe SI[ONIE Y() SN JO SA[NI 10§ AIRIqIT AUIUQ AJ[IAN UO (SUOHIPUOD-PUE-SULIA)/ W00 Ad[im AIeIqI[aul[uo//:sdny) suonipuo)) pue sud I, 3y 33 *[S702/60/+0] uo Areiqry auruQ Ao[ipy ‘[1OUN0)) Yo1easay [euoneN Aq [§.672900/7001°01/10p/wod KaimAreiqiaurfuo,/:sdny wolj papeofumod ‘0 “X6106£61



JUGNIA ET AL.

hypothesized that in MES, removal of organic mate-
rials at the anode was facilitated by production of oxy-
gen, which promoted aerobic microbial activity, free
oxygen radicals, as well as electrochemical oxidation of
organic compounds. Also, it is not excluded that
increasing the applied voltage contributed to greater
degradation of organics by amplifying the bacterial
metabolic activity rate.

3.2 | Removal of NAs

NA concentrations in the OSPW feed to the MEC and
MFC setups represented approximately 8% of the total
CODs. Spatio-temporal analysis of NA concentrations
presented in Figure 2C,D showed trends similar to COD
distribution. NAs were mostly removed in the first com-
partment of the MFC setup (Figure 2D). In the MEC
setup (days 1-63), some degradation of NAs was also
observed in the anode compartment, at least during the
first 21 days of the experiment (Figure 2C). Also, effluent
NA concentrations decreased over time, especially in the
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MEC setup. On average, the OSPW influent contained
11.6 mg L' of NAs, while the effluent concentrations
from MEC varied from 8.74 to 5.29 mg L™ (removal effi-
ciencies ranging from 25.8% to 54.3%) with an overall
mean value of 7.0 £ 1.5 mg L ~' at a voltage of 1.4 V. NAs
removal improved under MES conditions at a voltage of
2.0V (days 64-91), resulting in NA concentrations
of 3.50 mg L' and a removal efficiency of 70% by the
end of the experiment (Figure 2C). This contrasts with
the observed performance of the MFC setup, where NAs
effluent concentrations were stable over time and
remained at 8.4 + 1.1 mg L ~* (Figure 2D), paralleling the
low COD removal observed in this setup. These results
suggest that MEC/MES was more efficient in removing
both COD and NAs from OSPW. This conclusion was
substantiated by results in Figure 3, illustrating the distri-
bution of individual NA components (separated in terms
of carbon content) in the influent and effluent streams
during MEC, MES, and MFC tests.

An analysis of NAs removal in the MEC tank at 1.4
and 2.0 V (MES mode) applied voltages suggests that at
1.4V, concentrations of several individual NAs in the

=== Influent
=z1 Effluent MEC
‘==z Effluent MFC

40.0

30.0

20.0

m' Inflyuent

D)

Effluent MEC

30.0

20.0

10.0

0.0 EE

BDE

Naphthenic acids (NAs) distribution based on (A, C) carbon content and (B, D) double bond equivalency (DBE) number for

samples corresponding to microbial fuel cell (MFC) and microbial electrolysis cell (MEC) influent (common for both tanks), MFC effluent
(day 63), MEC effluent (day 63, 1.4 V), and MEC effluent at 2.0 V applied voltage (day 91). Peak areas were normalized to internal standard

peak values.
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effluent had decreased significantly as compared to
the influent distribution. This was most evident for NAs
with high carbon content (C > 14, Figure 3) and multiple
rings in the structure (double bond equivalency (DBE)
>2). The relatively low degradation rate for NAs with
lower carbon content and DBE was possibly due to the
already low NAs concentrations in the samples before
MEC treatment. Considering that the OSPW stock solu-
tion was stored at room temperature before being used in
the tests (aged OSPW), it can be hypothesized that some
single-ring NAs were microbially degraded, mainly
through p-oxidation.!*!~4°]

Overall, these experimental results support the con-
clusions of our previous study demonstrating successful
treatment of a synthetic OSPW solution in a MEC
setup.l*?! Furthermore, as compared to MEC operation at
1.4V, once steady state conditions were reached at a volt-
age of 2.0 V, substantial improvement in NAs degrada-
tion, particularly for NAs with more rings, was observed,
with up to 70% NA removal and effluent NA concentra-
tions below 5mgL~"' under steady state conditions
achieved after 2 months of operation.

It should be noted that several characteristics of NAs
impact their biodegradability. These include the degree of
branching, spatial arrangement of branching, number
of rings, periodicity, and environmental factors such as
oxygen availability, nitrogen and phosphorus limitation,
and microbial community composition. In a study that
aimed to treat OSPW using a membrane bioreactor with
a submerged flat-sheet ceramic microfiltration mem-
brane, Xue et al.l*! reported bioconversion of NAs with
high numbers of carbons into NAs with lower numbers
of carbons that were more bio-persistent, with the possi-
bility that a longer HRT may be needed to achieve com-
plete NA removal.

NAs are known as the primary compounds responsi-
ble for the toxicity of OSPW,*”*8l and the effective

100
B MEC m MFC

CcoD

80

removal of NAs from oil-contaminated wastewaters, like
OSPWs, has been the subject of an increasing number of
recent studies.['"*>*! To the best of our knowledge, this
study represents the first attempt to compare MEC and
MFC performance for OSPW treatment. Clearly, higher
removal rates of hydrocarbons and NAs were achieved in
the MEC setup, with further improvement observed at an
applied voltage of 2.0 V (MES mode of operation). This
improved performance was directly proportional to the
observed current, which was lowest in the MFC
(0.017 mA on average), significantly higher in the MEC
operated at 1.4V (3.1 mA), and highest in MEC during
the 2.0 V phase of operation (5.3 mA). Accordingly, based
on the results of our previous study, significant reduction
in the toxicity of MEC and MES-treated OSPW water
might be expected.*?!

NA degradation is a predominantly aerobic process
and can be used to explain the significant decrease in NA
concentrations observed at an applied voltage of 2.0 V.
As mentioned above, under these conditions, water split-
ting results in O, production at the anode. This is in
agreement with previous studies that reported aerobic
biodegradation of NAs from commercial solutions!®>>3!
and oil sands wastewaters.!**! On the other hand, anaero-
bic biodegradation of NAs has also been reported!**! and
might have occurred within the MFC and MEC anodes.
In addition, anaerobic biodegradation of simple single-
ringed surrogate NAs has been reported under sulphate-,
nitrate-, and iron-reducing conditions*>***! and provided
a novel approach for exploring potential syntrophic rela-
tionships in the biodegradation processes of NAs.!>*!

Overall, removal efficiency increased with the
increased applied voltage for both COD and NAs. This
removal went from 33% at 1.4 V to 79% at 2.0 V for COD
and 54% at 1.4 V to 70% at 2.0 V for NAs (Figure 4). For
MFC, low removal efficiency was observed with values of
4% for COD and 30% for NAs.

[51]

70

60

50

30

Removal efficiency (%)

20

10

FIGURE 4
chemical oxygen demand (COD) and

Comparison of

naphthenic acids (NAs) removal
efficiencies from microbial electrolysis
cell (MEC) and microbial fuel cell
(MFC) operated at 1.4 V and 2 V. NM -
not measured.
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3.3 | Removal of metals

Measurements of heavy metal (Cu and Zn) and metalloid
(As and Se) concentrations in the influent and effluent
streams were performed using samples collected on day
63 of the experiment, that is, once MFC and MEC (1.4 V)
tests were completed. This comparison indicated that in
addition to COD and NAs removal, metals were also
more efficiently removed in the MEC than in the MFC.
In fact, As and Cu effluent concentrations from the MFC
tank were higher than the corresponding influent values
(Figure 5).

This observation can be attributed to the history of
this experimental setup. The MFC tank was previ-
ously used for treating synthetic OSPW in a MEC
configuration.*?! To convert the tank to an MFC, the
microaeration in the anode compartment was stopped
and the external power supply was replaced with external
resistance. These changes likely resulted in As and Cu
release from the former cathode compartment. The
removal efficiency for As, Cu, Se, and Zn were 59%, 59%,
67%, and 95% for MEC. While in the MFC tank an
increase of As and Cu was observed, concentrations of Se
and Zn decreased by 37% and 60%, respectively. The
highest removal efficiencies were observed in MEC and
likely resulted from a combination of sulphate reducing
bacteria (SRB) and electroactive processes with redox
reactions known to immobilize metals.[*>?*%! Removal
of these metals in a flow-through MEC was demonstrated
in previous studies.!>>¢!

MFCs require oxygen to be present in the cathode
compartment.*”! Degradation of organic matter by
electroactive bacteria under anaerobic conditions at
the anode produced current in the MFC, while in the

THE CANADIAN JOURNAL OF 9
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MEC, electron transfer between the compartments was
assisted by applied voltage below the water electrolysis
threshold.!**! SRB-related activities appeared to be the
only mechanism of metals removal occurring in the
MFC system and can be used to explain the low effi-
ciency of this system in metal removal given the mod-
erate sulphate concentrations in the OSPW used for
this test.

3.4 | Electrochemical performance and
characterization

Energy consumption is an important consideration in
technology development and selection. While MFC
operation results in energy production, the MFC
energy production (g 'cop removed) was extremely
low at 0.0064 Wh gl ,. Meanwhile, energy consumption
in MEC (also per h gol, removed and at 1.4V applied
voltage) was 2.17 Wh g}, slightly decreasing to 2.14 Wh
gcop during the MES mode of operation at an applied
voltage of 2.0V. Interestingly, this decrease in MEC
energy consumption was observed in spite of expected
increased activation losses at a higher applied voltage. At
a voltage of 2.0V, both the COD and NA remo-
val efficiencies considerably increased (Table 2 and
Figure 6).

Overall, it can be stated that energy recovery dur-
ing MFC operation was negligible. As discussed
above, such poor performance can be attributed to
biocathode inefficiency as well as low energy content
and poor biodegradability of long chain hydrocarbons.
Petroleum wastewaters rich in long chain hydrocar-
bon can limit power generation and CE in BES.*”! On

36 -

30

24

18 -

12~
10

Concentration (mg L")

FIGURE 5 Comparative concentrations

BSS Influent
[ MEC effluent
MFC effuent

of metals and metalloids in the influent and

effluent of the microbial electrolysis cell

(MEC) and microbial fuel cell (MFC) tanks.
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FIGURE 6 Dependence of chemical oxygen demand (COD)
and NAs removal efficiency on the observed current in microbial
fuel cell (MFC), microbial electrolysis cell (MEC) (1.4 V operation),
and MEC (2.0 V operation, MES mode).

the other hand, energy consumption during MEC
operation was acceptable and in line with energy
requirements for municipal wastewater treatment, for
example in the range of 1.5-2 Whh ggl, removed.
Notably, municipal effluents typically consist of a signifi-
cant amount of diverse and readily biodegradable organic
materials, as opposed to OSPW with a significant content
of hydrocarbons and NAs. Accordingly, biological treat-
ment of OSPW is expected to require a higher energy
input.

CE estimations shown in Table 2 suggested values in
the range of 50%-70% for MEC and MES, while only 3%
efficiency was estimated for MFC. Such low CE values
corresponding to MFC operation agree with the low
COD removal efficiency in this tank and can be attrib-
uted to low levels of dissolved oxygen in the cathode
compartment. Notably, extensive cathode aeration
would result in a significantly increased energy con-
sumption for MFC operation. The energy consump-
tion/production and CE estimations shown in Table 2
qualitatively agree with the results of biomolecular
population analysis showing the presence of both non-
electroactive and electroactive microbial species (to be
discussed in Section 3.5).

3.5 | Characterization of microbial
community structure in cathodic and
anodic biofilms

16S rRNA gene analysis of metallurgical coke samples
from electrodes of MEC and MFC tanks was carried out
to evaluate the impact of the operating conditions on the
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FIGURE 7 Relative abundance (percent reads out of total

reads) of the most abundant operational taxonomic units (OTUs)
found in the different compartments of the flow-through microbial
electrolysis cell (MEC) and microbial fuel cell (MFC).

microbial community’s structure in MEC and MFC sys-
tems. The relative abundance of operational taxonomic
units (OTUs) identified by sequencing of the biofilm from
metallurgical coke samples are shown in Figure 7.
Results are the averages of triplicate samples representing
the relative abundance compared to total 16S rRNA gene
OTUs analyzed, and only the 10 most abundant taxa or
OTUs were discussed.

With the exception of Geobacterales and Dadabacter-
iales, the other 8 of the 10 most abundant taxa belonged to
the Proteobacteria phyla (including a-, -, y-, 5-proteobac-
teria). Proteobacteria are the dominant microorganisms of
the Athabasca watershed and sediments!*®! and abundant
Proteobacteria from OSPW biofilms have also been
reported by Hwang et al.l>! and Golby et al.l°°! This
phylum has a broad degradation ability and are known
to degrade recalcitrant bituminous compounds.!**** A
previous study by Yergeau et al.l’®) reported a positive
correlation between the abundance of Proteobacteria
and the concentration of NAs in aerobic biofilms, thus
suggesting that these microorganisms are capable of
NAs degradation.

From the four dominant groups in the initial sample
(Ty) represented by bacterial orders Dadabacteriales,
Richettsiales, and the genera Pseudomonas and SWB02,
the diversity and richness changed over time. Also,
important differences in OTU composition were observed
between microbial populations in the MFC and MEC
tanks. These results suggested that different bacterial
communities were involved in the observed degradation
of hydrocarbons and NAs in the two bioelectrochemical
systems. Moreover, considering the significantly higher
removal efficiency of the MEC tank, both anodic and

9SUDIT suowo)) dAnear) ojqeatjdde ayy Aq pauIsA0S aIe SI[ONIE Y() SN JO SA[NI 10§ AIRIqIT AUIUQ AJ[IAN UO (SUOHIPUOD-PUE-SULIA)/ W00 Ad[im AIeIqI[aul[uo//:sdny) suonipuo)) pue sud I, 3y 33 *[S702/60/+0] uo Areiqry auruQ Ao[ipy ‘[1OUN0)) Yo1easay [euoneN Aq [§.672900/7001°01/10p/wod KaimAreiqiaurfuo,/:sdny wolj papeofumod ‘0 “X6106£61



JUGNIA ET AL.

cathodic microbial populations in this tank might repre-
sent a microbial community better adapted to OSPW
treatment. The differences between MFC and MEC also
agreed with the significantly higher current observed in
the MEC setup throughout the experiment. Although the
cathode compartments of the MFC and MEC were both
aerated, OTUs at the cathode of the MFC exhibited diver-
sity with low relative abundance in comparison to the
MEC cathode where principally 3 OTUs dominated. This
observation agreed with the significantly lower current
observed in the MFC. At the same time, anodic microbial
populations were less diverse, where 2 and 3 OTUs were
dominant for the MEC and MFC tanks, respectively.
Overall, the results indicated the co-existence of numer-
ous OTUs belonging to groups known to be capable of
organic matter biodegradation, including hydrocarbons
and NAs. Given the ecological importance of Proteobac-
teria and their overall prevalence in our samples, further
analysis of the observed dominant groups should be
considered.

OTUs belonging to groups affiliated with Geobacter-
ales and Denitratisoma were well represented in the
anode samples of the MEC and MFC tanks. Observation
of Geobacterales at the anode was consistent with
numerous studies of microbial populations in MFCs and
MECs treating complex organic materials, such as
wastewaters.[®?! Geobacter are electroactive microorgan-
isms, also referred to as exoelectrogenic bacteria, capable
of transferring electrons to an electrode (anode) and
potentially to other microorganisms through direct
interfacial electron transfer (DIET) mechanism. Also,
Geobacter have been used in the bioelectrochemical treat-
ment of water contaminated with metals.[>¢*!

Furthermore, a recent study reported Denitratisoma
participating in the degradation of organic compounds.'®>°!
A strong positive correlation was found between Denitrati-
soma and COD concentrations.*”! Other dominant
groups, including Marinobacter Alcanivorax, Brevundimo-
nas, Rhodospirrillales, and Richettsiales, were found at the
anode and/or cathode of the MFC and MEC. Members of
genus Marinobacter and Alcanivorax are important
hydrocarbon-degraders, but Marinobacter have also been
reported to use substrates other than hydrocarbons as a
source of carbon and energy.®®7°! The members of
Rhodospirillales are associated with the oxidation of car-
bohydrates and alcohols.!”*! Also, the potential for Rho-
dospirillaceae to be involved in the biodegradation of
aromatic organic compounds was widely reported.””?!

Additionally, Brevundimonas and Pseudomonas have
been reported to degrade PAHs.”*! Pseudomonas and
SWBO2 present at T, remained well represented at the
cathode of the MFC. Del Rio et al.®" reported degrada-
tion of a mixture of commercial NAs by some

THE CANADIAN JOURNAL OF 1
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Pseudomonas species (P. putida and P. fluorescens). How-
ever, Zhang et all” observed no significant NA
removal/degradation when these bacteria were used to
treat OSPW. On the other hand, better degradation was
observed when a mixed bacterial culture was used, sug-
gesting that a consortium of microorganisms may have
an advantage in the biodegradation of NAs due to the syn-
ergistic degradation potential of the partners involved.””! A
recent study by Mohamed et al.l”® reported the enrichment
of Hyphomonadaceae (SWB02), and cultured relatives
closely related to Pseudomonas, in a cathodic biofilm. The
authors indicated that although these enriched species were
not known to form cathodic electrochemically-active bio-
films, the knowledge of species that do form cathodic bio-
films is limited, and thus warrants further research. A
detailed study dedicated to identifying pathways of NAs
degradation in MEC and MFC setups would be highly
interesting.

4 | CONCLUSIONS

This study compared bioelectrochemical treatment of
OSPW in MFC, MEC, and MES setups. Electricity pro-
duction with the MFC setup remained insignificant
throughout the test due to low concentrations of biode-
gradable organic materials in OSPW and biocathode inef-
ficiency. Accordingly, NAs removal in the MFC setup
was significantly lower than in the MEC. Higher current
in the MEC setup, operated at a voltage of 1.4 V, coin-
cided with improved NAs and COD removal. As well,
removal of several dissolved metals was observed in the
MEC tank. Furthermore, increasing MEC applied voltage
to 2.0 V (MES mode of operation) led to further improve-
ments in COD and NAs removal. Biomolecular analysis
indicated differences between microbial populations in
the MFC and the MEC tanks, probably in relation with
higher currents observed throughout MEC operation. We
hypothesized that a higher MEC operational current cre-
ated conditions for developing ecological habitats suitable
for the electroactive populations (e.g., Geobacter, Pseudo-
monas, Brevundimonas), as well as known hydrocarbon
and NA-degraders, such as Marinobacter, Pseudomonas,
Brevundimonas Alcanivorax, and Rhodospirillales.

Based on these results, further investigation of OSPW
treatment in MEC and MES setups should take place,
including testing OSPW from different sources, optimiz-
ing HRT, operating at low temperatures, and conducting
pilot-scale studies to confirm long-term process stability.
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