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Abstract

A water treatment approach integrating freezing technology, also referred to as cryopurification, and a microbial fuel cell
(MFC) process was tested for Zn removal in laboratory experiments. The water samples used were from the Faro Mine site,
in Yukon, Canada. The effect of freezing temperature, mixing, and the direction of the ice front propagation on Zn removal
from the Faro Mine water was investigated and quantitively analyzed. The MFC was used to treat the post-cryopurification
brine. When the coolant temperature ranged from —5 to —1 °C and 180 rpm solution mixing was used, up to 80-95% of the
Zn was removed after a single freezing cycle. The results of laboratory experiments demonstrated that Zn concentrations in
mine water can be reduced by cryopurification to 0.5 mg/L (the effluent quality standard) under optimal experimental condi-
tions. The MFC process was run for 120 h to test the capacity of the microorganism (Shewanella oneidensis) for Zn removal
from the brine concentrated by freezing. In these laboratory experiments, MFC showed a reliable and high Zn removal up to
90-93% with S. oneidensis incubated in the anode chamber. The MFC generated a maximum power density and open-circuit

voltage of 8.8 mW/m? and 168.5 mV, respectively.

Keywords Northern regions - Zinc removal - Freezing technology - MFC

Introduction

Freeze concentration, a nature-inspired water treatment tech-
nology, also referred to as freeze desalination or cryopuri-
fication, is a promising technology for contaminated water
treatment (Najim 2022; Yin et al. 2017). The process relies
on the principle that the structure of ice crystals does not
accommodate impurities/salts meaning that they are rejected
by the growing ice as water freezes (Shone 1987). The ice
produced by cryopurification is separated from the concen-
trated solution and then melted to obtain pure water (Najim
2022). Cryopurification has several benefits over other
common water treatment and desalination methods (Najim
and Krishnan 2023). The energy consumption comparison
between cryopurification and conventional evaporative
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technology showed that cryopurification is energetically
favored by about 70%, and even more near the polar regions
where a natural weather advantage exists (Najim 2022;
Najim and Krishnan 2022; Xu et al. 2022). Most impor-
tantly, little to no chemicals are involved in the process of
water treatment by freezing and the cost is half to one tenth
that of other methods such as reverse osmosis, evaporative
methods, nanofiltration, and distillation, according to avail-
able literature data (Xu et al. 2022; Youssef et al. 2014).
Based on laboratory tests and field data, freezing technol-
ogy is capable of effectively removing several impurities
from wastewater and mine-impacted water, including metals
such as nickel, cobalt, manganese, and chromium (Hasan and
Louhi-Kultanen 2016; Melak et al. 2016; Popugaeva et al.
2021, 2023; Liu et al. 2022; Wijewardena 2018). Among
cryopurification cons, a concentrated solution (brine) is
produced by the cryopurification process that could harm
the environment due to its high contaminant concentration.
As an alternative, brine treatment promotes the reduction
of pollution, minimization of waste volume, and produc-
tion of freshwater with high recovery rates. Cryopurification
can be combined with other water purification methods, for
example, with membrane distillation. Such hybridization
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(integration of cryopurification with other water treatment
methods) has the potential to make cryopurification more
beneficial. In addition, the process can also be integrated
with biochemical processes such as a microbial fuel cell
(MFC). A MFC is a process that uses bio-electrochemical
processes for voltage generation and has the potential for
removing metals. The system uses organic substrates and
the microorganism’s catalytic activity to generate electricity
(Dutta and Kundu 2018). Single-chamber and dual-cham-
ber MFCs are the main configurations of MFCs. The first is
also known as an air cathode MFC; it has one chamber for
microbial degradation and one cathode that is exposed to
air. The second type has two chambers; the anode processes
the organic matter and the cathode is exposed to catholyte
solutions such as potassium ferricyanide. The two chambers
are separated by a proton exchange membrane (Logan 2008;
Munoz-Cupa et al. 2021; Obileke et al. 2021). Single-cham-
ber MFCs have been used to remove cadmium, chromium,
zinc, and copper from mining wastewater. (Abourached
et al. 2014; Peng et al. 2017; Vélez-Pérez et al. 2020; Wang
et al. 2016; Xie et al. 2020), while dual-chamber MFCs have
been used to recover cadmium, copper, and vanadium (Aiyer
2020). Also, zinc was removed in the cathode chamber
(Fradler et al. 2014). Inorganic sulfur compounds in mining
wastewater have also been investigated for electricity genera-
tion using MFC technology (Ni et al. 2016; Sulonen et al.
2014;). Furthermore, mining wastewater has been treated in
a dual-chamber MFC using catholyte reduction in the cath-
ode chamber with different mixtures of microbial cultures in
the anode chamber (Ai et al. 2020; Alexandre et al. 2022).
These processes emphasize the treatment of organic and sul-
fur compounds in mining wastewater.

In addition, bacterial cultures for metal remediation have
been found in the Yukon Territory. Some of these microor-
ganisms are anaerobic and interact with metal fixation in
soils from Zn-Pb deposits (Gadd et al. 2017; Nielsen et al.
2019). The main cultures used and found in Canada’s north-
ern territories are composed of sulfate-reducing bacteria,
such as Acidithiobacillus ferrooxidans, Pseudomonas putida,
Bacillus subtilis, and Desulfovibrio desulfuricans, which can
be used for the removal of different metals such as iron and
chromium (Dixit et al. 2015; Makhalanyane et al. 2016).
Other microorganisms with metal-reducing characteristics
have been investigated, such as Geobacter and Shewanella
oneidensis. S. oneidensis is a gram-negative bacterium that
uses extracellular electron transport (EET) for metal removal
and bioelectrochemical processes such as MFC. Addition-
ally, S. oneidensis is a facultative bacterium that can grow
under aerobic and anaerobic conditions, which facilitates its
use in different environmental conditions (Min et al. 2017;
Yin et al. 2022).

In this work, water from the Faro Mine was used as a feed
solution to test a novel approach to mine-impacted water
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treatment: cryopurification in combination with the MFC
process for zinc removal. Based on a critical analysis of ear-
lier studies, this water treatment approach could offer advan-
tages over conventional treatment approaches, including
energy efficiency, no chemical pre-treatment, and zero waste
generation (i.e. brine). Notably, this approach could be espe-
cially beneficial in colder climates that naturally promote
cryopurification. The Faro Mine water has zinc concentra-
tions that are up to almost 25-30 times the effluent quality
standard of 0.5 mg/L (The Government of Canada 2022).
Taking this into account, the objectives of this research work
were to: (i) remove zinc from the Faro Mine water in a set of
laboratory experiments using cryopurification to less than or
close to the effluent quality standard, and (ii) eliminate the
waste product of the cryopurification experiments (i.e. the
brine) by treating the brine solution using the MFC process.
It was anticipated that this approach could be a sustainable
water treatment solution at the Faro Mine site or at other
mine and industrial sites in Canada’s North.

Materials and Methods
Study Area

The feed water used for the laboratory experiments was
received from the Faro Mine site (Fig. 1). The Faro Mine
is a legacy abandoned mine located in south-central Yukon
(62.3527° N, 133.4054° W), near the town of Faro. The site
is located on the traditional territory of the Kaska Nations,
upstream from the Selkirk First Nation (Crown-Indigenous
Relations and Northern Affairs Canada 2021). The physico-
chemical properties of the mine-impacted water are shown in
Table 1. The water has circumneutral pH and elevated zinc
concentrations (Popugaeva et al. 2023; The Government of
Canada 2022), which is one of the primary concerns with
regard to its impact on sensitive receiving environments in
the study area.

Proposed and Tested Water Treatment Approach
for Zinc Removal

In this study, cryopurification was merged with the MFC
process for the first time to investigate the effectiveness of
this joint treatment on zinc removal from mine-impacted
water. Figure 2 illustrates the schematic design of the labora-
tory setup for the proposed hybrid approach. The left block
describes the cryopurification of the mine-impacted water,
while the right block (the MFC) was to treat the brine solu-
tion produced by the cryopurification experiments. The feed
water was first treated by cryopurification and purified water
was produced from the melted ice. Subsequently, the brine
produced by cryopurification was sent to the anode of the
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Fig. 1 The location of the
Faro Mine Complex (Yukon,
Canada)

Map data €2023 Google 200 kM b

Table 1 The characteristics of

. Parameters Units  Value
the Faro Mine’s water
Zinc (total) mg/L. 13.7
pH N/A 7.2
Salinity ppt 0.9
Total dissolved g/L 1.2
solids (TDS)
N/A not applicable

dual-chamber MFC; after 120 h of processing time, the bac-
teria were separated from the anode solution with the brine
by centrifugation.

For the cryopurification experiments, a circulating chiller
(bath work area dimensions 16.8 X 7.8 X 15.2 cm) was filled
with ethylene glycol/water fluid (Cole-Parmer, Vernon Hills,
Illinois, USA) that maintains a temperature from -25 to
100 °C. For the MFC experiments, S. oneidensis MR-1 was
cultivated from ATCC®, catalog Ne 700550™ (Virginia,
USA) using tryptic soy broth at 30 g/L for 24 h at 30 °C. To
avoid bacterial contamination, the media and the solutions
were sterilized using an autoclave at 121 °C and 15 psi. The
bacterial growth was evaluated using a UV spectrophotom-
eter at an optical density (OD) of 600 nm.

The samples collected during the experiments were
analyzed for zinc concentrations using an inductively
coupled plasma (ICP) instrument. The parameters of the
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feed solution, brine, and melted iced (treated solution)
were measured using water quality multimeters. The main
instruments used for the laboratory experiments are listed
in Table 2.

Laboratory Setup and Methods
Cryopurification and Data Acquisition

Lab-scale cryopurification experiments were conducted
using the set-up shown in Fig. 3a to examine the effects of
ice front propagation, cooling temperature, and water mixing
on zinc removal. Three cylindrical vessels were used in the
experiments and ice shapes of different geometries were pro-
duced by each vessel. The vessel that produced glass-like ice
shapes (Fig. 3b) was made from stainless-steel. Within this
vessel, a freezing front spread from the stainless-steel walls
and bottom. To eliminate heat flux through the bottom of
vessel #2, which produced pipe-like shapes of ice (Fig. 3c),
an additional layer of cork was added. In this vessel, a freez-
ing front spread radially from the stainless-steel walls to the
center. Vessel #3, a plastic cylinder with insulated walls and
a bottom, produced a solid block of ice when the freezing
front propagated top-down (Fig. 3d). In most cases, labora-
tory experiments were done in triplicate.

In the current study, the laboratory cryopurification
experiments procedure described by Popugaeva et al. (2023)

@ Springer



466 Mine Water and the Environment (2024) 43:463-473
Fi.g. 2 Schematic d_esign Feed water Brine

diagram of two main blocks of

laboratory setup l

DB

-1---0-._-----

., o b -
: Data ELE
Ice melting -—-— gl
acqmsmon
Purified water Purified water
Table 2 Main instruments used in the laboratory study
Instrument Accuracy Supplier
Circulating chiller NESLAB RTE-7 0.1 °C Thermo Scientific (New Hampshire, USA)
Conductivity, salinity, and total dissolved solids meter 1% OMEGA, (Connecticut, USA)
Data logger multimeter 0.5% =2 Owon OW18 Series (Zhangzhou, China)
Digital thermometer with a temperature probe 0.05 °C Traceable® (Texas, USA)
ICP 0.01 mg/L Bureau Veritas (Ontario, Canada)
Data acquisition software N/A Traceable® (Texas, USA)
Magnetic stirrer mixer N/A VWR (Alberta, Canada)
Electric overhead stirrer mixer N/A Vevor (California, USA)
Centrifuge N/A Thermo Scientific (USA)
N/A not applicable

was followed. Experiments were conducted in a cooling tem-
perature range of —15 to —0.5 °C. Within vessels #1 and #2,
a rectangular agitator was used to investigate the effects of
water mixing (180 rpm) on zinc removal from the Faro Mine
water. A magnetic stirrer was used for experiments with ves-
sel #3. For a typical cryopurification experiment, 170 mL
of Faro Mine water was poured into the vessel and a water
sample was taken for zinc testing, temperature, salinity, and
TDS testing. The initial temperature of Faro Mine water
was maintained at 10 + 1 °C. An ice fraction (the amount
of water converted into ice during the experiments) of ~
35% was used for each experiment as an optimal ice fraction
percentage for the cryopurification experiments (Popugaeva
et al. 2023).

Filled with feed water, vessels #1 and #2 were placed
inside the chiller bath at a certain freezing temperature, one
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at a time. The water temperature was recorded throughout
the experiment every 0.5 minutes using a temperature probe
placed =~ 2.5 cm from the vessel wall. After ice reached
a target thickness, the freezing process was stopped, and
the brine solution was separated from the ice. For a set of
experiments with vessel #3, a stainless-steel container with
a circulating coolant medium was used as a cooling unit.
Vessel #3 was filled with 170 mL of Faro Mine water and a
cooling unit was placed at the water surface. Both the ves-
sel and cooling unit were insulated with polyurethane foam
from the outside laboratory environment.

A sample of brine and melted ice was collected to record
the measurements for temperature, salinity, zinc, and TDS
concentration. The purity of the ice produced by cryopu-
rification using vessels #1, #2, and #3 was quantified by
comparing zinc concentrations in the melted ice to the initial
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Fig. 3 a Laboratory setup and ( a)
various ice shapes samples

produced depending on ice

front propagation, b freezing

from the walls and bottom using

vessel #1, ¢ freezing from the

walls only using vessel #2, and

d freezing from the top-down

using vessel #3. The vessels (ice e
blocks) diameter, D = 5.25 cm )

Circulating chiller

Overhead mixer

Temperature
probe

Data acquisition

conditions. In the next step, the produced brine was used as
a feed solution for a set of laboratory experiments using the
MEC process.

Microbial Fuel Cell Set-Up and Data Acquisition

The MFC setup used in the experimental analysis is shown
in Fig. 4. The anode and cathode chambers of the MFC,
with a volume capacity of 500 mL each, were separated by

Fig.4 Dual-chamber micro-
bial fuel cell set-up connected
through and external resistance
and a multimeter

External
resistance

an anion exchange membrane (AXM-100), based on a gel
polystyrene cross-linked with divinylbenzene with a thick-
ness of 0.45 + 0.025 mm and an area of 36 cm?, which was
purchased from the Membranes International Inc. (New Jer-
sey, USA). An external resistance of 1000 Q connected the
anode and cathode chambers. The goal of the MFC experi-
ments was to determine the residual zinc concentration after
bacterium cultivation in the anode chamber, while simulta-
neously generating power.

Anode chamber Cathode chamber

Data
acquisition

Proton exchange membrane
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The anode chamber was fed with the brine solution pro-
duced by the cryopurification process, followed by the addi-
tion of tryptic soy broth (TSB) at 30 g/L, mineral solution
(MO, a buffered minimal microbial medium) at 11.3 g/L, and
18 mM sodium lactate. The anode chamber was inoculated
with S. oneidensis at an optical density ODyg,,, of 0.53+0.1.
The temperature (7) was kept constant at 30 °C using an
incubator with mixing at 80 rpm. 50 mM K;[Fe(CN)] in a
100 mM phosphate buffer solution (PBS) was the catholyte
solution. The voltage output was displayed as the response
of the electron transport from the anode to the cathode
chamber. The external resistance was changed from 10 to
80,000 Q to obtain the polarization curves. The voltage was
measured with a multimeter with data logging. The data was
stored every hour for 120 h with the addition of TSB and M9
to the anode chamber every 24 h. Watts’s and Ohm’s laws
were used to determine current density (/) and power density
(P) (Logan 2008).

Evaluation of Zinc Removal Efficiency

The effectiveness of cryopurification for zinc removal from
the Faro Mine water was quantitatively estimated using Egs.
(1) and (2) (Miyawaki and Inakuma 2021; Moharramzadeh
et al. 2021). The ice fraction was calculated using Eq. (3).
A high-quality cryopurification process was achieved when
the partition coefficient K value (Eq. 1) was close to zero and
there was a high removal percentage (Eq. 2).

K= Cice/Cbrine (1)
Removal (%) = (1 = Cy,/Cy) * 100 )
Ice fraction(%) = V,.,/V, * 100 3)
where C,_, is the zinc concentration in the melted ice (mg/L),

C,,ine 18 the zinc concentration in the brine (mg/L), C; is the
initial zinc concentration in the Faro Mine water (mg/L), V.,
is the volume of melted ice (mL), and V/, is the initial volume
of the Faro Mine water (mL).

For the MFC experiments, total zinc concentration was
measured using ICP at three different times (0, 24, and 120
h) after centrifugation of the solution for bacteria separation.
Centrifugation was done at 7000 g-force for 20 min, and the
supernatant was sampled for zinc analysis. Moreover, the
solution was centrifuged at the same conditions to evaluate
the zinc uptake by the bacteria after 24 h. The supernatant
was collected, and the bacteria cells were resuspended and
washed with PBS solution three times. A sonicator was used
to break the extracellular membrane. The solution was cen-
trifuged again under the same conditions and the supernatant
was then evaluated for total zinc. Zinc removal through the
MEFC was evaluated analogously to Eq. (2).
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Results and Discussion
The Effect of Coolant Temperature and Ice Shape

Ice purity is influenced by the cooling rate, which controls
ice crystal growth. As the cooling rate increases, contami-
nant inclusions in the crystal layer may increase (Ila and
Louhi-Kultanen 2023). The cooling rate can be controlled by
the freezing temperature, 7. The effect of T} (15 to —0.5 °C)
on the purity of ice at a constant ice fraction (=~ 35%) was
investigated in a set of laboratory experiments. According to
the results of experiments, the purest ice was produced at the
lowest cooling rate when T; was —1 to —0.5 °C (Fig. 5). The
highest zinc removal, up to 81%, was achieved using vessel
#3, while vessel #2 and vessel #1 showed 72 and 57% zinc
removal, respectively. Freezing from the top-down (vessel
#3) facilitated better contaminant removal than vessels #1,
and #2, which can be explained by natural convection that
developed under the ice in vessel #3, leading to a better solu-
tion mixing and as a result, higher contaminant removal. A
similar trend, that freezing from the top-down was more
efficient than freezing from the bottom and lateral freezing
due to natural convection, was observed in another study
(Jayakody et al. 2017).

Natural convection, laminar, and turbulent mixing can all
determine the conditions in which ice crystals nucleate and
grow, improving the effectiveness of cryopurification (Green
2019). Laboratory experiments on cryopurification could be
fulfilled by using various solution movement mechanisms,
including, but not limited to natural convection, stirring, cir-
culation due to aeration, and ultrasonic radiation (Samsuri
et al. 2016).

100 T T
—&—vessel #1
—&- vessel #2
80+ -¥ vessel #3 ’ ’,{ |
S
g 60f
>
[e]
I
o
o 401
£
N
20+
0

-15 -10 -5 0
Freezing temperature, °C

Fig.5 The effect of freezing temperature (7)) on the purity of ice at
constant ice fraction (= 35%) using laboratory vessels
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The Effect of Constant Solution Stirring

The effect of constant mixing at 180 rpm on zinc removal
was investigated in the 7; range of —1 to —15 °C and ice frac-
tion of ~ 35% by stirring (Fig. 6). The results of the experi-
ments revealed a notable increase in zinc removal with mix-
ing, reaching up to 92-95%. Removal of up to 35-52% using
vessels #1 and #2, respectively, at lower T} was achieved.
That was greater than in the experiments without mixing.
These results were consistent with previous literature find-
ings (Moharramzadeh et al. 2021; Xu et al. 2022) that stir-
ring improved ice purity.

Purer ice was consistently obtained using the top-
down freezing in experiments with and without mixing at
T; from -5 to —15 °C. The removal rates, in general, followed
the sequence of vessel #3 > vessel #2 > vessel #1, both with
and without stirring (Table 3). Freezing from the top-down
in vessel #3 enabled convection, leading to better solution
mixing and therefore, greater zinc removal.

Initial zinc concentration and its concentrations in the
melted ice and brine solutions were evaluated in each
experiment. The distribution of zinc concentrations in vari-
ous fractions at 7y —15 °C is shown in Fig. 7. Compared to

100 — T .
—&—vessel #1 _
-®- vessel #2 s
- PRt
80+ -¥ vessel #3 o ]
R
= 60F |
>
o
1S
<)
o 40r 1
=
N
20 1
0 1 1

-15 -10 -5 0
Freezing temperature, °C

Fig.6 The effect of solution stirring on zinc removal. Experimental
conditions: stirring speed 180 rpm, 7 range —1 to 15 °C, ice fraction
~35%

20

[ Imelted ice
[ lfeed water
I brine

-
(¢}
T
1

Zinc, mg/L
S
I

0 1 1 Il
vessel #1 vessel #2 vessel #3

Fig.7 Zinc concentration in feed water, melted ice and brine. Experi-
mental conditions: Tf —15 °C, ice fraction ~ 35%, mixing speed 180
rpm

zinc concentrations in the raw feed water, the melted ice
contained 27-64% less zinc, while zinc concentrations in
brine increased by 15-32% depending on the vessel used in
the experiment. The melted ice salinity could be decreased
from 0.9 to 0.1 ppt while the brine salinity reached up to
1.2-1.3 ppt. A similar trend with TDS concentration was
observed; TDS concentration could be decreased from 1.20
to 0.07 g/L in the melted ice and increased to 1.6 g/L in the
brine. The brine produced using vessels #2 and #3 at T} of
—1 °C was used as feed water for the MFC experiments with
an average initial zinc concentration of 16.8 and 17.8 mg/L,
respectively.

Microbial Fuel Cell Performance

The power density curve showed a maximum (P,,,) peak at
a current density of 63.8 mA/m? with a result of 8.80 mW/
m? (Fig. 8). The optimal external resistance (R.,,) from the
polarization curves was 800 Q, corresponding to the maxi-
mum power density produced at that external resistance.
This was used as the external resistance for the open-circuit
voltage (OCV). P_,,, for the single-chamber MFCs with the
removal of cadmium and zinc was 3600 mW/m? (Abou-
rached et al. 2014), and chromium, copper, and vanadium

Table 3 The effects of solution

o - T, °C) K, vessel #1 K, vessel #2 K, vessel #3

stirring, freezing temperature, 7;

and ice shape on the efficiency No stirring Stirring No stirring Stirring No stirring Stirring

of zinc removal based on the

calculated partition coefficient, -1 0.57 0.03 0.36 0.05 0.16 0.05

K =5 0.87 0.22 0.87 0.15 0.24 0.09
-10 0.94 0.54 0.93 0.36 0.64 0.29
-15 0.94 0.63 0.95 0.45 0.87 0.28
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Fig.8 Polarization and power density curve evaluated varying the
external resistance from 10 to 80,000 Q using a dual-chamber MFC

in a dual-chamber MFCs was 138.72 mW/m? (Aiyer 2020).
Moreover, the use of acid mine drainage in MFCs showed a
P, of 195.07 mW/m? 51.3 mW/m? (Peng et al. 2017), and
400 mW/m? (Stefanova et al. 2018). This study showed less
power density than other research. However, power density
is related to the size and distribution of the electrodes, which
in this case were not coated, and the use of conventional
copper wires decreased the rate of electron transport through
the external circuit. Moreover, the maximum power density
determined the internal resistance (R;,,) because at the maxi-
mum point, R, = R;,,. At this point, the less potential dif-
ference in the MFC made electron transport more efficient.

Additionally, the polarization curve showed a maximum
voltage of 292.3 mV (Fig. 8). The polarization curve demon-
strates a slope of 1.9, demonstrating the low internal resist-
ance of this system and efficient electron transport. In addi-
tion, the polarization curve demonstrates a low loss of mass
transfer polarization after 109.9 mW/m?, indicating better
diffusion of the protons through the membrane. In compari-
son, a faster decrease in the same zone of mass transfer loss
demonstrated greater efficiency in the system (Aiyer 2020).
Similarly, the high mass transfer losses showed a fast reduc-
tion in electron transport; however, the goethite electrode
performed better than the carbon felt electrode used in the
following study (Jadhav et al. 2015). Additionally, a high
temperature of 40 °C showed a higher power density of 511
mW/m? (Stefanova et al. 2018).

Figure 9 shows four different peaks that were related
to the feed in the anode chamber every 24 h. In addition,
after 36 h, the concentration losses in the OCV were higher
though, due to the constant feeding, the reduction was not as
high as the control MFC, which was operated with TSB in
the anode chamber. However, a higher OCV above 300 mV
for zinc removal from the contaminated water in the cathode
chamber was previously shown using MFC (Fradler et al.
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Fig. 9 Open-circuit voltage evaluated for 120 h with anode feeding
every 24 h. Experimental conditions: 7 = 30 °C, incubator mixing 80
rpm

2014; Lim et al. 2021). The lower OCYV in this study could
be due to an adverse effect of the contaminated water to the
bacterial metabolism, which reduced the electron transport.
The control media OCV was less due to the reduced redox
potential during the operation because the electron donor
was not sufficient for the oxidation process. A higher power
density production and more efficient electron transport in
the MFC is highly recommended to increase the practical
applications of the MFC, such as for biosensors (Hasan
et al. 2023; Magsood et al. 2022). However, due to the low
power densities generated, low electron transport, and small
electrode surface area, the applicability needs more research
(Chaturvedi and Verma 2016). With more studies to scale-up
this technology without losing power, the applications of this
technology will increase.

The Effectiveness of the Microbial Fuel Cell in Zinc
Removal

Zinc removal was measured at the beginning of the MFC
operation, after 24 h, and at 120 h, with a constant tempera-
ture of 30 °C (Table 4). The experiments had different initial
zinc concentrations corresponding to the two brine solutions
obtained at T; —1 °C using vessels #2 and #3 and raw feed
water (before freezing). The initial zinc concentration influ-
enced the removal efficiency with greater removal at higher
initial zinc concentrations, as the results of experiments
showed (Table 4). The best removal was 93% in 120 h at an
initial zinc concentration of 17.8 mg/L. The greatest removal
rate occurred in the first 24 h when the bacterial activity was
higher due to their almost exponential growth phase in the
brine-concentrated water between 0 and 8 h (Fig. 10).
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Table 4 Zinc removal by MFC

. ' . Time (h) Experiment I (Brine) Experiment II (Brine) Experiment III (Raw feed
with solution fed in the anode water)
chamber
Concentra- Removal (%) Concentra- Removal (%) Concentra- Removal (%)
tion (mg/L) tion (mg/L) tion (mg/L)
0 17.8 N/A 16.8 N/A 13.7 N/A
24 2.4 87 2.3 86 3.0 78
120 1.2 93 1.4 92 14 90
N/A not applicable
1 ‘ : , —= (Yin et al. 2022). These cytochromes are multi-heme pro-
-~ Tryptic soy broth ‘ L7 teins with high redox activity that facilitated the EET and
—— Brine concentrated by freezing -

ODGOOnm

0 4 8 12 16 20 24

Time, h

Fig. 10 Shewanella oneidensis growth in brine concentrated by freez-
ing with tryptic soy broth and zinc during the first 24 h of operation.
Experimental conditions: 7'= 30 °C

The initial concentrations of brine water were 17.8
and 16.8 mg/L, while the initial concentration for the raw
feed water was 13.7 mg/L. The bacteria had greater metal
absorption (87, 86, and 78% for experiments I, II, and
II1, respectively) in the almost exponential phase during
the first 24 h, based on an analysis of the resuspended
metals after treatment of the extracellular membrane.
Similarly, Raghad et al. (2016) reported cadmium and
lead absorption from wastewater of 64 and 51%, respec-
tively. Additionally, another study reported that a biofilm
of Shewanella xiamenensis on zeolite had a zinc biosorp-
tion of 78% (Zinicovscaia et al. 2020) and 74% (Zinicov-
scaia et al. 2021). However, the bacterial growth with
brine showed a low rate compared with TSB, which was
the optimum bacterium media for growth allowing a bet-
ter nutrient uptake. Additionally, the high concentration
of metals increases the toxicity, inhibiting the growth of
the bacterium. S. oneidensis uses the cytochromes CymA
and MtrCAB complex in the extracellular membrane
and bacterial nanowires. In addition, MTrC and OmcA
cytochromes are terminal reductases for the metal ions

metal respiratory pathway (Otero et al. 2019). Moreover,
the greater absorption of the bacteria during the first 24
h aided the formation of extracellular proteins (Ge et al.
2022). In addition, S. oneidensis growth with the brine
concentrated by freezing absorbed 15.9 mg/L during the
first 24 h. This was analyzed using cultivation of the bac-
terium in a media with the zinc at an initial concentration
of 16.9 mg/L. However, the higher metal uptake showed
less bacterial growth than with tryptic soy broth.

Conclusions

The proposed approach of cryopurification followed by
MEFC for post-cryopurification brine treatment could be
an environment-friendly approach for treating the highly
contaminated water of the Faro Mine in the Yukon Ter-
ritory, Canada. Based on the results of the current study,
zinc concentrations could be reduced close to the effluent
quality criteria of 0.5 mg/L, providing a removal of up
to 90-95% under optimal conditions. In addition to zinc
removal, the approach showed the possibility of power
generation using the MFC process. One of the important
parts of the proposed treatment approach is that no chemi-
cals were used to purify the water. The aquatic ecosystems
of Canada’s northern environments are fragile and, if dam-
aged, a long recovery is expected. This, along with the
Yukon's cold climate conditions, which would enhance
the efficiency of cryopurification, and the local avail-
ability of bacterial cultures for metal remediation, could
make applying the proposed and tested approach to the
Faro Mine site more sustainable and save energy.
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