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• More than 96% of Zn2+ was successfully
removed in batch mode MFC.

• The Zn2+ concentrationof 2mMwas re-
duced to 0.07 mM within 22 h of MFC
operation.

• Hydroxide was produced by oxygen re-
duction and used in Zn2+ removal pro-
cess.

• Approximately 83% of the recovered Zn2
+was attached to the cathode from syn-
thetic wastewater.

• The Zn2+ removal in MFC mode can be
modelled by using first order
reaction rate.
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Microbial fuel cells (MFCs) that simultaneously remove organic contaminants and recovering metals provide a
potential route for industry to adopt clean technologies. In this work, two goals were set: to study the feasibility
of zinc removal from industrial effluents using MFCs and to understand the removal process by using reaction
ratemodels. The removal of Zn2+ inMFCwas over 96% for synthetic and industrial sampleswith initial Zn2+ con-
centrations less than 2.0 mM after 22 h of operation. However, only 83 and 42% of the zinc recovered from syn-
thetic and industrial samples, respectively, was attached on the cathode surface of theMFCs. The results marked
thedomination of electroprecipitation rather than the electrodeposition process in the industrial samples. Energy
dispersiveX-ray (EDX) analysis showed that the recovered compound contained not only Zn but also O, evidence
that Zn(OH)2 could be formed. The removal of Zn2+ in the MFC followed a mechanism where oxygen was re-
duced to hydroxide before reactingwith Zn2+. Nernst equations and rate law expressionswere derived to under-
stand the mechanism and used to estimate the Zn2+ concentration and removal efficiency. The zero-, first- and
second-order rate equations successfully fitted the data, predicted the final Zn2+ removal efficiency, and sug-
gested that possiblemechanistic reactions occurred in the electrolysis cell (direct reduction),MFC (O2 reduction),
and control (chemisorption)modes. The half-life, t1/2, of the Zn2+ removal reaction using synthetic and industrial
samples was estimated to be 7.0 and 2.7 h, respectively. The t1/2 values of the controls (without the power input
castle University, Newcastle upon Tyne NE1 7RU, United Kingdom.

. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2021.145934&domain=pdf
https://doi.org/10.1016/j.scitotenv.2021.145934
mailto:e.yu@lboro.ac.uk
https://doi.org/10.1016/j.scitotenv.2021.145934
http://creativecommons.org/licenses/by/4.0/
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


Table 1
Zn2+ removal using the bioelectrochemical system.

Applied
voltage,
Vap

Max.
current,
Imax

Max.
power,
Pmax

Initial
[Zn2+]

Removal
efficiency

(V) (A/m2) (W/m2) (mM) (%)

0.75 1.08 N.P. 12.24 99

0.7 50 35 0.23–0.38 99

0.472 0.786 0.372 6.12 93

0.316 11.7 3.6 0.20 97

0.8 1.689 1.35 4.59 44.2

6.0 90 N.P. 2.75 95.4

0.05c 1.17 N.P. 0.46 91.5

0c 0.15 N.A. 2.00 96

N.P. – Not provided. N.A. – Not available.
a Initial pH value. The arrow sign indicates the changes
b Based on Dominguez-Benetton et al. (Dominguez-Ben

Category B – A biological anode coupled to electrochemica
ical metal reduction and (bio)chemical reoxidation, categ

c Cell voltage during Zn2+ removal operated under MF
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from theMFC bioanode)weremuch slower andwere recorded as 21.5 and 7.3 h for synthetic and industrial sam-
ples, respectively. The study suggests thatMFCs can act as a sustainable and environmentally friendly technology
for heavy metal removal without electrical energy input or the addition of chemicals.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Zinc has a variety of applications, such as in corrosion-resistant coat-
ings, dry-cell batteries, alloys, paints, plastics, rubber, dyes, wood pre-
servatives and cosmetics. The origin of man-made pollution is mainly
from metal production processes, industrial combustion of coal, waste
incineration and worn rubber tires on vehicles (S.E.P.A., 2018;
Modestra et al., 2017). Studies have shown that out of 162 wastewater
treatment plants in the UK, in 50% of cases, the level of zinc in the effluent
stream was higher than the recommended level set by the Environment
Agency (0.017 ppm or 0.26 mM) (W.F.D., 2013). Discharging zinc-
containingwastewaters into natural environments can significantly affect
local aquatic ecosystems. Several treatment methods have been used to
remove heavy metals from wastewater streams. However, most of
these methods, such as chemical precipitation and coagulation-
flocculation, are only reliable when treating high concentrations of
heavy metals (e.g., >1000 ppm) and require the usage of chemical re-
agents. These methods not only increase the cost of operation but also
the complexity of the treatment of wastewaters, as secondary by-
products are generated during the treatment and require further disposal
(Fu andWang, 2011). Although othermethods, such as ion exchange and
membrane filtration, can effectively remove heavy metal ions from
targeted wastewaters, they are energy intensive, and their maintenance
is expensive (Dominguez-Benetton et al., 2018). Therefore, an effective
but low-cost method is necessary for treating wastewaters containing
medium to low concentrations of metals.

The utilisation of microbial fuel cells (MFCs) to remove or recover
heavy metals from waste streams and soils has been studied in recent
years (Modestra et al., 2017; Dominguez-Benetton et al., 2018;
Removal
period, t

Catholyte
Ha

Categoryb

(hr)

1 4 A

48 3.0 → 6.6 D

72 5.35 → 2.19 X

40 6.8 → 7.1 X

2
≈0
(2 M HCl)

A

10 7 A

20 7 B

22 6.0 → 8.4 B

in pH value between inlet/outlet or
etton et al., 2018): Category A – A b
l generation of reductants at the cath
ory D – systems with a biological cat
C mode.
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Nancharaiah et al., 2015). The system is based on electrochemically active
microbes at the anode (called the bioanode) to not only provide reducing
potential to support the cathode in metal reduction but also to treat
wastewaters by oxidising the organic matter. However, there is a
limitation in the system, as the bioanode could only provide the reduction
potential down to approximately −0.20 V vs. standard hydrogen
electrode (SHE) under optimal conditions (Lim et al., 2017). This limita-
tion restricts the spontaneous treatment of certain metals, e.g., Cu2+, Cr6
+, V5+, and Fe3+, whose reduction potentials are higher than −0.20 V
vs. SHE. While most heavy metal ion reduction potentials are lower
than this value, e.g., Cr3+, Cd2+, Ni2+ and Zn2+, external energy is re-
quired to further lower the cathode potential. As direct reduction of
metal ions is impossible to achieve, hydroxide precipitation is an alterna-
tive option using MFCs (Fang and Achal, 2019). The working principle of
the MFC is totally environmentally friendly and natural, as no chemical is
required during the precipitation process since the bioanode (enriched
from natural habitat) is used to assist hydroxide production at the
cathode. Energy recovered fromwastewater via electrochemical reaction
of the bioanode is then re-channelled to the cathode to supportmetal pre-
cipitation (Wang et al., 2016a). The energy cyclemakes theMFC attractive
and promising, as no external energy or additional chemicals are required
during the entire process. Moreover, the objective also supports the
United Nations agenda in transforming the world for Sustainable
Development during 2030, especially under Goal 7: Affordable and
Clean Energy and Goal 12: Responsible Consumption and Production.

Table 1 shows the summary and development of Zn2+ removal
methods using bioelectrochemical systems. As depicted in the table,
most of the studies required the assistance of an external power supply
and used only synthetic Zn2+-containing wastewater in their studies.
Note Reference

Only Zn2+ was focused upon and studied. (Modin et al., 2017)
Desulfovibrio sp. dominated biocathodewas enriched for
treating Zn2+ and SO4

2− (2.08 mM).
(Teng et al., 2016)

Zn2+ was recovered by stripping chamberwith a
supported liquid membrane attached next to cathode
chamber.

(Fradler et al., 2014)

Both Zn2+ and Cd2+ (0.40 mM) were treated by the
same anode of a single chamber MFC.

(Abourached et al., 2014)

Cu2+ (12.6 mM), Pb2+ (1.93), Cd2+ (7.12) and Zn2+

were tested in the same setup and recovered by
controlling the cell potential in a sequential
procedure.

(Modin et al., 2012)

Cu2+ (0.82 mM) and Pb2+ (0.48) were removed in the
same chamber under MFC mode followed by
electrolysis process.

(Tao et al., 2014)

Two MFCs operated in parallel under the change and
discharge cycles. Cu2+ (0.47 mM) and Cd2+ (0.27)
were also tested but in a separated setup.

(Wang et al., 2016b)

Zn2+ was focused and studied by using INDUSTRIAL
and synthetic samples. MATHEMATICAL models were
used to explain the mechanistic process

This study

before/after treatment.
iological anode coupled to direct electrochemical metal reduction on an abiotic cathode,
ode, Category C – A biological anode coupled to a cathode compartmentwith electrochem-
hode, and X – other type of systems.
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Fig. 1. Schematics of the bioelectrochemical systems: (a) electrolysis cell and (b)microbial
fuel cell. Note that the power supply (PS) in (a) is replaced by the external resistance (Rext)
in (b). Reaction ①: water electrolysis, Reaction ②: metal ion reduction, Reaction ③:
substrate oxidation, Reaction ④: oxygen reduction reaction (ORR), and Reaction ⑤:
metal ion precipitation.
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They include supported liquid membranes and extra strip chambers to
separate and concentrate Zn2+ (Fradler et al., 2014), treating organic
and Zn2+-containingwastewater in anode chambers under biosorption
and sulfide precipitationmechanisms (Abourached et al., 2014), and di-
rectly reducing Zn2+ tometallic Zn at the cathodewith the assistance of
external energy input (Modin et al., 2012; Tao et al., 2014; Modin et al.,
2017). These studies have provided insightful information on the poten-
tial of bioelectrochemical systems (BESs), especially microbial fuel cells
(MFCs) and microbial electrolysis cells (MECs), for Zn2+ removal. Nev-
ertheless, to better assess the viability ofMFCs for zinc recovery from in-
dustrial effluents, especially without the assistance of any external
power supply, more studies should be carried out with actual effluents
and containing lower and more representative Zn2+ concentrations.
Other than the real application aspect, the results also required estima-
tion of the reaction kinetics to better predict the removal of the metals
within a specific time and under specific conditions. The equivalent ra-
tios and rates in scale-up applications must be derived frommathemat-
ical modelling and used during the application process. To date, few
studies have used rate reaction models in the prediction of MFC-based
metal ion removal and thus provide little information regarding the pre-
diction of Zn2+ removal.

The aim of thiswork is to study and predict the effectiveness ofMFCs
for the removal of Zn2+ from actual industrial effluents. In addition to
understanding the practicality of the process, the reaction rate is applied
to determine the reaction kinetics and to predict the plausible pathways
of the overall process. In the first part of the study, experiments were
carried out to evaluate the potential of MFCs for Zn2+ removal from ac-
tual industrial effluents. In the second part, a Pourbaix diagram was
used to predict the mechanistic process of Zn2+ removal. In addition,
the Nernst equation was used to calculate the equilibrium potential
and the driving force potential that could be provided by the MFC to re-
move Zn2+. Mathematical models were also derived according to the
law of rate reaction to predict the reaction behaviour, required time
and feasibility of Zn2+ removal in MFCs.

2. Methods and materials

2.1. Half-cell experiment

The studywas startedwith half-cell setup (without a bioanode). The
setup consisted of an abiotic anode and cathode separated by an anion
exchange membrane (AEM) (FAB-PK-130, Fumasep, Fumatech,
Germany) (Fig. 1(a)). Both anodic and cathodic chambers were identi-
cally fabricated from clear Perspex with an internal working volume of
7 × 7 × 2 cm3. Inlets and outlets at the sides of the chambers were pre-
pared for inflow and outflow of electrolytes. A push-in fitting was
installed, and an extra hole was prepared on the top of the chambers
to accommodate reference electrodes and to connect the electrodes to
external connections. Both electrodes were plain carbon felts with an
active projected area of 3 × 3 cm2 bolted at the internal space of the
chambers.

The anolyte consisted of 1.0 g/L sodium acetate, while the
catholyte consisted of 1.9 mM ZnCl2. Both electrolytes were added
to 3.0 g/L NaCl to increase their initial conductivity in solution. A
range of fixed currents (galvanostatic method) up to 5.56 A/m2 was
applied to the BES for 180 min using a potentiostat (PGSTAT128N,
Metrohm, Netherlands). The cell voltage was recorded every 10 s.
The changes in pH were logged using a pH meter (Accumet AB150,
Fisher brand, USA) every 5 min. Meanwhile, anolyte and catholyte
samples (5.0 mL) were collected every 30 min and kept at 4 °C
prior to analysis. The acetate concentration was analysed by gas
chromatography (Tracera GC-2010 Plus, Shimadzu, UK) equipped
with a barrier ionisation discharge (BID) detector. The Zn2+ concen-
tration was determined by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) (Optima 8000, Perkin Elmer, USA). All
tests were conducted at room temperature (22 ± 3 °C).
3

2.2. Zinc removal operation

After an optimal operating condition was identified from the
study in Section S1, the Pt cathode was replaced with plain graphite
felt for the zinc removal study. There are a few reasons for replacing
the Pt cathodewith a new plain cathode in this study: (1) reducing Pt
interference as zinc deposition might block the catalysis function,
(2) providing a control condition without Pt interference,
(3) avoiding the usage of expensive catalysts, and (4) focusing on
studying bioanode performance in Zn2+ removal under standalone
operating conditions. In addition to monitoring potentials, electro-
lyte pH and Zn2+ concentration were recorded and determined as
described in Section S1 unless stated otherwise. At the end of the
process, the MFC was dismantled, and the cathode was subjected to
scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX) imaging to study the surface morphology and
zinc deposition properties.
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Fig. 2. Profiles of (a) cell potential, (b) catholyte pH and (c) Zn2+ removal in the
electrolysis process under different applied currents.
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2.3. Data collecting and samples analysis

2.3.1. Potential monitoring and current calculation
Cell and electrode potentials (V) were collected through an 8-channel

data logger (ADC-24 data logger, Pico Technology, UK). The cell potential
was recorded between the anode and cathode, and electrode potentials
were collected by referring to a reference electrode (RE-5B, BASi, US) lo-
cated in each chamber. All electrode potentials were converted to stan-
dard hydrogen electrode (vs. SHE) values. The current density, ID (A/
m2), was calculated from the values of the cell potential, Vcell (V) and ex-
ternal resistance, Rext (Ω), by using the formula ID = Vcell / (Rext × Ac),
where Ac (m2) is the projected area of the cathode.

2.3.2. Concentration of metal ions and solution properties
Metal ions and other cations were analysed using an inductively

coupled plasma (ICP) system (Optima 8000, Perkin Elmer, USA). To
quantify total zinc recovery, the zinc deposited on the cathode was
soaked in 2% HNO3 overnight, and the effluent was filtered with a
0.2 μm syringe filter prior to analysis.

Acetate was analysed using a gas chromatograph (Tracera GC-2010
Plus, Shimadzu, UK) equipped with a barrier ionisation discharge (BID)
detector (280 °C) and autosampler (AOC-20i, Shimadzu, UK). A column
(Zebron ZB-WAX-Plus capillary column 30 m × 0.25 mm × 0.25 μm,
Phenomenex, UK)was used to quantify the compound andwas operated
with a temperature profile of 50 °C for 1 min, ramping to 180 °C at 30 °C/
min, then holding at 180 °C for 8min. The injection port was set at 180 °C
with a split ratio of 10:1 under a 1.0 μL injection sample, while the detec-
tor was maintained at 280 °C. The carrier gas was high purity grade
helium (99.999% BOC, UK) and was maintained at a constant flow rate
of 2.0 mL/min. All samples were filtered with 0.2 μm syringe filters and
then acidified with HCl 1.0 M at a ratio of 20:1 prior to analysis.

pH and conductivity were measured with a portable pH meter
(HI9025 microcomputer pH meter, Hanna Instruments, UK) and con-
ductivity meter (FE30 FiveEasy, Mettler Toledo, USA).

2.3.3. Cathode surface morphology and composition
After each experiment, the cathode surface morphology was

analysed by a Hitachi TM3030 scanning electron microscope (SEM)
equipped with a Bruker Quantax 70 EDX system. For sample prepara-
tion, a 1 cm × 1 cm piece was sliced off the cathode, washed gently
with deionized water and dried on a Petri dish overnight at room tem-
perature prior to analysis.

3. Results and discussion

3.1. Preliminary tests: Zn2+ removal in half-cells via direct electrolysis process

Before studying the removal of Zn2+ in microbial fuel cells, prelimi-
nary tests were carried out in half-cells (using an external power sup-
ply) to experimentally quantify the dependence of Zn2+ reduction
kinetics on applied current and anaerobic (without oxygen) conditions.
Fig. 2 shows the evolution of cell voltages, pH and Zn2+ concentration in
half-cells. All testswere donewithin 180min.When the applied current
was increased, the cell voltage and the pH increased, as presented in
Fig. 2(a) and (b), respectively. However, it should be noted that only
the two highest current densities applied led to a measurable change
in pH in the catholyte. For comparison at 5.56 A/m2, the pH of the
catholyte increased from 7.5 to 11.0 in just 80 min, whereas at 2.22 A/
m2, the pH increased to 9.0 only at the end of the 180min of experiment
(Fig. 2(b)).

The removal of Zn2+measured at different applied current densities
(Fig. 2(c)) was consistent with the trend observed for the catholyte pH.
Indeed, complete soluble Zn2+ removal (>99%) was observed after 80
and 180min at current densities of 5.56 and 2.22 A/m2, respectively. Al-
though no significant change in pH could be observed at applied current
densities of 0.56 and 0.22 A/m2, Zn2+ removal of 15% and 21% could be
4

measured after 180min of the experiment. This could be explained by a
local change in pH, i.e., in the vicinity of the cathode rather than in the
bulk when higher current densities are applied. The local change in pH
was negligible at a lower current, as OH− diffusion into the bulk electro-
lyte was faster than OH− production at the cathode surface. However,
under a higher current, a localised pH change occurred on the cathode
surface as OH− accumulated in the vicinity and diffused slowly into
the bulk electrolyte. The results show a direct correlation between the
applied current density, the increase in pH in the catholyte and the
rate of Zn2+ removal. As the current increases, so does the pH due to
the production of OH-, and in turn, the removal rate of Zn2+ increases.
Although the best results were obtained at current densities (2.22 and
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Fig. 3. Zinc recovery inMFCs using synthetic wastewater: (a) cell and electrode potentials,
(b) current density, and (c) Zn2+ concentration and catholyte pH. Note: Control: MFC is
operated under open circuit conditions; 10 Ω: MFC is operated with a 10 Ω resistance
connected between the anode and cathode; batch: anode is operated in batch mode;
flow-through: anolyte is recycled through the anodic chamber with a flow rate of 1 mL/
min.
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5.56 A/m2), which are not achievable by conventional bioanodes, it was
also observed that removal could be achieved at more realistic current
densities. However, experiments would have to be performed for
more than 180 min to reach the desired final concentration. Finally, it
should be noted that only a small amount of Zn2+ was detected in the
anolyte, showing that the crossover was negligible (<2% of initial Zn2
+ in the catholyte) (see Supplementary materials: Fig. S3 (a)).

3.2. Zinc recovery from synthetic wastewater

Fig. 3 presents the profiles of cells, electrode potentials and current
density in conjunction with Zn2+ concentration and pH during zinc re-
covery from syntheticwastewater. As shown in Fig. 3(a), the control po-
tential (open circuit condition without any load or resistor connected
between anode and cathode) was ~0.55 V. In contrast, the cell voltage
recorded was approximately a few millivolts when a resistor was con-
nected between the anode and cathode. Under the load condition, the
anode started to support the cathodic reduction process at−0.13 V (an-
odic batch mode) or −0.08 V (anodic flow-through mode) as com-
monly observed (Dominguez-Benetton et al., 2018; Fang and Achal,
2019; Wang et al., 2016a; Wang et al., 2018; Rodenas Motos et al.,
2015). The same phenomenon of lowering the cathode potential was
observed when both the anode and cathode were connected through
a power supply (Modin et al., 2012; Zhang et al., 2015). The bioanodes
used in the experiments were pre-enriched, tested and optimised as
mentioned in Section S1 to obtain the best operating conditions (see
Supplementary materials: Section S1). At the end of the enrichments,
the bioanode generated approximately 2.0–3.0 A/m2 of maximum cur-
rent density with a 10 Ω resistor connected between the anode and
cathode. The operating bioanode recorded a minimum potential at
+0.09 V vs. SHE with the cathode potential being +0.10 V, which was
higher than the anode potential. Meanwhile, Fig. 3(b) shows that no
current was recorded in the control. The MFC operating under the
load showed specific electron flow; however, the current recorded in
anodic batch mode was slightly higher than that recorded in anodic
flow-through mode at the beginning of the process, showing that the
mass transport did not limit the anodic reaction. Indeed, the oxidation
reaction in the bioanode is slow due to microbial activity; therefore,
the mass transport limitation is not an issue under high substrate con-
centrations (Daud et al., 2018; Lee and Huang, 2013).

Zn2+ concentration and pH were also monitored in the cathode, as
exhibited in Fig. 3(c). Zn2+ concentrations decreased throughout the
whole process, while the pH values increased within 2 to 3 h before
stabilising. Surprisingly, the Zn2+ concentration in the control (anodic
batch mode) catholyte also decreased but at a much slower rate than
that in the MFC with the load resistor. It is suspected that the compo-
nents in the control were able to adsorb Zn2+ from the catholyte, espe-
cially started with new carbon felt and membrane, due to their surface
properties (Lefebvre et al., 2012; Luo et al., 2015). Adsorption of Zn2+

on the surface of materials can occur particularly when retained mate-
rials are negatively charged (Bankole et al., 2019a). Active functional
groups in the membrane might react with metal ions and cause metal
fouling by forming van der Waals interactions (Dominguez-Benetton
et al., 2018; Lu et al., 2015). In addition, as from the Pourbaix diagram
(see Section 3.4.1: Fig. 9), a critical demarcation line lays between solu-
ble Zn2+ and insoluble Zn(OH)2 at pH 7.0 and for lower (1 mM) Zn2+

concentrations. The pH slightly increased, which could have led to Zn2
+ precipitation. A white precipitate was observed at the bottom of the
cathodic chamber at the end of the control experiment. The anodic
batch mode MFC had the best performance, and the Zn2+ removal
was 96% (0.07mMZn2+ remained in the catholyte) at the end of the ex-
periment compared to the anodic flow-through mode MFC at approxi-
mately 80% (0.39 mM Zn2+ remained in the catholyte). Under anodic
batch mode conditions, power generation is vigorous and concentrated
on the available substrate contained in a specified anodic chamber. Each
bioanode cycle was beneficial to Zn2+ removal, as a focused peak
5

current could create a short electrical surge to increase the Zn2+ reduc-
tion activity in the cathode. Bioanodes consist ofmicrobes, and extracel-
lular polymeric substances (EPSs) work as capacitive materials that
simultaneously produce and store electricity. As a result, larger portion
of the electricity in the bioanode can be generated and released under
anodic batch condition than in the continuousmodewhere a stable sub-
strate degradation process is occurred (Wang et al., 2018). As the Zn2+

removal value of the control was significant (52% or equal to 0.91 mM)
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in this experiment, it is important to set the control as a reference to
compensate for the interferences from adsorption and/or oxygenation
for further interpretations. Further discussion of thesematters is contin-
ued in Section 3.4.3. The removal rate of the anodic batch mode MFC
was also the highest (6.0 mmol/m2 cathode/h), followed by the anodic
flow-throughMFC(4.0mmol/m2 cathode/h)and control (2.3mmol/m2-

cathode/h) (the removal rate was calculated from the linear slope of
Zn2+ concentration between 2 and 5 h using the data presented in
Fig. 3(c)).

Fig. 4 exhibits the Zn2+ removal and recovery efficiency from the
MFC system. It was determined that 96% of Zn2+ was removed from
the catholyte in anodic batchmodeMFC compared to only 52% removal
in the control. The anodic flow-throughmodeMFC had a lower removal
efficiency, which was approximately 80%. The adsorption behaviour of
the newly replacedmaterials, as discussed in Section 3.4.3, may have af-
fected Zn2+ removal in the controls. The amount of zinc precipitated on
the electrode was compared to the total amount of Zn2+ removed from
the catholyte, and the results are gathered in Fig. 4. The difference be-
tween zinc recovered from the electrode and the total Zn2+ concentra-
tion removed from the catholyte corresponds to the precipitation of Zn
(OH)2 directly in the medium. For the anodic batch and flow-through
modes under load resistor conditions, the differences between zinc pre-
cipitated at the cathode and Zn2+ removed from the catholyte are small,
i.e. approximately 17 and 7%, respectively (or in other words, cathodic
recoveries as Zn(OH)2 in the anodic batch and flow-through modes
are approximately 83 and 93%, respectively), showing that most zinc
can be recovered from the electrode. However, in the control (anodic
batch mode), the difference is as high as 92%. The results confirmed
the importance and assistance of the bioanode in cathodic Zn2+ re-
moval by electroprecipitation instead of the electrodeposition process.

The cathode surfaces were characterised by SEM/EDX, and the re-
sults are presented in Fig. 5. From scanning electronmicroscopy images,
crystals can be observed on the cathode surface, especially under anodic
batchmode conditions (Fig. 5(b)). Amore homogeneous coverage of Zn
species onto the electrode surface was noticed under anodic flow-
throughmode conditions (Fig. 5(c)), which can be explained by a better
diffusion of Zn2+ towards the carbon felt. Crystalswere also found in the
control (Fig. 5(a)); however, they appeared less thick and homoge-
neous than on the cathodes connectedwith the 10Ω resistor. The struc-
ture of the crystals depends on the nature of the metal formed during
the reduction process (Zhang et al., 2015; Zhang et al., 2012; Huang
et al., 2013). For example, polyhedral structures were mainly observed
for copper compounds at the end of the experiments (8–9 days) as Cu
and CuO2 deposited on the cathode surface at pH 3.0 and with the tem-
perature controlled between 20 and 30 °C (Rodenas Motos et al., 2015;
Ter Heijne et al., 2010). From the energy dispersive X-ray spectroscopy
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Fig. 4. Zinc recovery from the cathode, total removal from the catholyte and removal
efficiency in MFCs using synthetic wastewater.
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images presented in Fig. 5 (EDX section), it can be seen that the ele-
ments C, O and Zn were present on the cathode surfaces, which is con-
sistent with the formation of Zn(OH)2. It can be observed from the EDX
figures that Zn and O were evenly distributed on the carbon fibre sur-
face of all samples. However, the EDX signal intensities for Zn and O
were slightly higher in anodic batch mode (Fig. 5(b)) than in anodic
flow-through mode (Fig. 5(c)). In addition, the element O was co-
found in the locations where Zn appeared, indicating evidence of zinc
oxide species. From the observation in Fig. 3(b), final catholyte pH
values were recorded to be greater than 7.6. The alkaline environment
created suitable conditions for the formation of Zn(OH)2 according to
the Pourbaix diagram presented in Fig. 9.

3.3. Zinc recovery with actual industrial wastewater

After showing the feasibility of zinc recovery from synthetic waste-
water using MFCs, experiments were carried out with actual industrial
wastewater. Table 2 shows the composition of the industrial samples
compared to the synthetic samples used in Section 3.2. While most of
the properties remained comparable, the industrial samples contained
extra cations such as Ca2+ andMg2+, whichmight affect the removal ef-
ficiency by keeping the conductivity value constant in the wastewater
(Lu et al., 2015).

Fig. 6 illustrates the electrochemical and Zn2+ removal profiles dur-
ing the treatment of industrial samples A and B. Similar trends were ob-
served compared with the treatment of synthetic wastewater. The
cathode potential decreased from+0.2 V to−0.2 Vwhen theminimum
operating potential of the bioanodes was reached (Fig. 6(a))
(Dominguez-Benetton et al., 2018; Nancharaiah et al., 2015). A current
density of 0.10 ± 0.05 A/m2 was measured, indicating the flow of elec-
trons from the anode to the cathode (Fig. 6(b)). The current density in
this experiment was slightly lower than that measured during experi-
ments using syntheticwastewater (0.15±0.05A/m2),which can be ex-
plained by the lower conductivity of industrial wastewater samples, in
which no supporting electrolyte was added, compared with synthetic
wastewater (2.3 & 1.7mS/cmvs. 5.9mS/cm, respectively) (Table 2). De-
spite the lower conductivity and current densities, the trend of Zn2+ re-
moval in the industrial samples was similar to that observed in the
synthetic samples, with less than 3% (0.03 mM) Zn2+ remaining at the
end of the experiment (Fig. 6 (c)). The results provided evidence that
the MFC is a suitable technology to treat these types of industrial sam-
ples regardless of their matrix complexity. The removal rates from the
synthetic sample and industrial Samples A and B were 6.0, 7.3 and
12.2 mmol/m2 cathode/h, respectively. As the level of the synthetic
sample is less complex, the removal rate is the lowest compared to Sam-
ples A and B. Metal ion behaviour plays an important role in improving
or deteriorating the performance of BESs (Lu et al., 2015). In this
study, the alkali and alkaline earth metal ions present in the samples
could have affected the MFC performance with a slight improvement
in Zn2+ removal. The improvement is attributed to the ionic strength
and contribution of the conductivity of other anions to the catholyte. So-
lution conductivity is important to MFCs or bioelectrochemical systems
(Karthikeyan et al., 2016). The experimental setup and the result in
Section Fig. S1 confirmed the importance of the ionic strength and con-
ductivity value (NaCl 3.0 g/L, 5.7 mS/cm vs. PBS 50 mM, 5.5 mS/cm).
However, the ionic strength and conductivity value in actual wastewa-
ter were three orders of magnitude more diluted than those in the syn-
thetic samples (refer Table 2). Other undetected species could have
influenced the Zn2+ removal process. Besides, organic matters such as
acetate, if presented in the samples, can acted as ligands reacting with
Zn2+ to form metal complex and precipitated when the electrolyte pH
was increased. Another possible explanation is the formation of metal
oxides on the electrode surface acting as catalysts to reduce O2 to
OH−. As shown in Fig. 6(c), the catholyte pH increased constantly
from 7.8 to 8.4 for Sample A after 4 h and from 7.5 to 8.2 for Sample B
after 3 h. This might also be due to the effect of the depleted Zn2+ that
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is available to couple with the hydroxides. However, soluble Zn2+ may
also deposit on the cathode surface as ZnO and act as an O2 reduction
catalyst to promote further OH− formation. It is well known that transi-
tion metal oxides are good catalyst materials for O2 reduction
(e.g., manganese (Roche and Scott, 2010), zinc (Yu et al., 2018), iron
(Burkitt et al., 2016), cobalt (Zhao et al., 2019), etc.) and their perfor-
mances can be further strengthened by coupling with other supported
materials (e.g., graphene oxide (Yu et al., 2018), phthalocyanine
(Burkitt et al., 2016), carbon nanotubes (Zhao et al., 2019), etc.). Mean-
while, the removal rate of Sample B is higher than that of Sample A,
which can be attributed to their different initial concentrations of Zn2+.
(a) Batch mod

(b) Batch

Scanning electron m

(c) Flow-thro

Fig. 5. Cathode surface morphology (analysed under SEM and EDX) after the zinc recovery proc
anode, and (c) flow-through mode anode conditions.
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Fig. 7 represents the Zn2+ removal efficiency and recovery from in-
dustrial samples. The results are consistent with the results using syn-
thetic samples under the same conditions (batch mode, see Fig. 4).
Approximately 97% of Zn2+was removedwithin 22h for both industrial
samples with different initial Zn2+ concentrations. However, there is a
large difference between the Zn2+ electroprecipitated at the surface of
the cathode and Zn2+ precipitated in the medium. Nearly 58% less Zn2
+ was recovered from the cathode than from the catholyte. The com-
plexity of industrial wastewaters (containing other cation species, as
shown in Table 2) might affect the precipitation of zinc rather than its
deposition onto the cathode surface. It is likely that other cation species
e (Control) 

 mode 

icroscopy images

ugh mode

ess using synthetic wastewater under (a) control (open circuit condition), (b) batchmode



Energy dispersive X-ray spectroscopy images

(a) Batch mode (Control)

(b) Batch mode 

(c) Flow-through mode

Fig. 5 (continued).
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(e.g., Ca2+, Pb2+) competed with Zn2+ for electrons, inhibiting zinc re-
duction and precipitation activities on the cathode surface.

To achieve further Zn recovery, the collected Zn(OH)2 would be
re-dissolved in an acidic solution to obtain higher concentration.
The high concentration Zn solution could be used for various applica-
tions directly or could further using electrodeposition to recover Zn
metal. With higher concentration of Zn solution, the energy required
would be lower. One of the examples is the well-known sulfuric acid
leaching-electrowinning and the imperial smelting process used to
treat the crude zinc oxide. For Zn(OH)2 inMFC, it is a spontaneous re-
action, therefore, no external energy required. The electrons pro-
duced from organic oxidation at the bioanode, were provided
directly to cathode for ORR generating OH−. For reducing Zn2+ to
Table 2
Properties and cation contents of synthetic and industrial samples.

Metal ion classificationa Alkali metal Alkaline earth

Sample pH Conductivity [Na+] [Mg2+]

mS/cm mM mM

Synthetic 6.8 5.9 130.5b –
Sample A 6.7 2.3 0.4 1.3
Sample B 6.2 1.7 0.5 1.4

a According to Lu et al. (Lu et al., 2015), metal ion characteristics play an important role in i
conductivity based on their position in the periodic table.

b NaCl (3.0 g/L) was added as a background agent to increase the solution conductivity.
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Zn metal, the reduction potential E°′Zn/Zn2+ = −0.76 V vs. SHE, which
requires high energy input, ΔG = −2FEZn/Zn2+. Also, in aqueous
solution, water reduction with hydrogen evolution E = 0 V is com-
peting with Zn2+ for electrons. Electrons are more likely used by
HER due to lower energy requirement, thus the efficiency for Zn2+

reduction would be very low.
Fig. 8 presents the SEM/EDX images of cathodes after the removal of

Zn2+ from industrial samples. A layer of crystallised precipitates was
noticed on the cathode surface, as shown in the SEM images (left
side). In the second magnified SEM image (right side), thicker layers
were found in the 10 Ω load-operated cathodes. A coagulated and
crystallised structure was observed on Sample B, as the sample
contained other classes of metal elements (Table 2), which may
metal Transition metal Post-transition metal Metalloid

[Ca2+] [Zn2+] [Pb2+] [Si4+]

mM mM mM mM

– 1.9 – –
2.0 1.2 0.002 0.046
2.1 1.9 0.001 0.046

mproving or degrading the performance of BESs. They can directly influence electrolyte
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promote the formation of larger complexes. In addition to the
crystallisation thickness, EDX results show higher signal intensities of
the elements C, O and Zn on the cathode surface compared to the con-
trol (only Sample A control is shown). The colour intensity in the EDX re-
sults was stronger when the cathodes were operated under a load
resistor. A thicker layer of Zn(OH)2 was formed and crystallised due to
the higher local pH and lower cathode potential favouring the produc-
tion of OH− and the further deposition of Zn(OH)2. In comparison to
the synthetic sample, a mixed layer of Zn(OH)2 with different colour in-
tensities could be observed from the SEM result (obvious on the Sample
B cathode surface). The distinct colour intensitymight be due to the de-
position of elements other than zinc, as mentioned in Table 2. The pres-
ence of these elementsmight also be the reason the deposition structure
changed from dendritic (synthetic samples) to spherical (industrial
samples).
9

3.4. Theoretical considerations andmathematical models for the removal of
Zn2+ using bioelectrochemical systems

3.4.1. Prediction of Zn2+ removal feasibility using a Pourbaix diagram and
standard reduction potential

The standard reduction potential of the Zn/Zn2+ couple is −0.76 V
vs. SHE and can be written as:

Zn2þ aqð Þ þ 2e−⇌Zn sð Þ E °0 ¼ −0:76V vs:SHE Reaction 1

Considering the very negative potential of the Zn/Zn2+ couple, a
standalone MFC is unable to spontaneously achieve this reaction,
i.e., without the assistance of any external power supply. Nevertheless,
according to the Pourbaix diagram presented in Fig. 9 (reconstructed
based on (Anonymous, n.d.; McMahon et al., 2019)), soluble Zn2+

could be precipitated as Zn(OH)2 under slightly alkaline pH conditions.
As Zn(OH)2 is insoluble in water, it gives an MFC-based system the ad-
vantage of removing Zn2+ fromwastewater by increasing the catholyte
pH. Increasing the pH of the catholyte slightly above 7.0 is achievable by
oxygen reduction under aerobic conditions. Based on the Pourbaix dia-
gram, spontaneous Zn(OH)2 precipitation can be achieved for Zn2+

concentrations over 1 mM (65 ppm) as long as the solution pH is
greater than 7.0; however, an alternative way of increasing the pH
value is required for Zn2+ concentrations below 1 mM (65 ppm).
The prediction of spontaneous Zn2+ removal by MFC (i.e., without
the assistance of an external power supply) is marked in the blue re-
gion in Fig. 9. Two successive reactions are predicted: Reaction 2 is
the oxygen reduction reaction under aerobic conditions leading to
an increase in the local pH, and Reaction 3 is the subsequent zinc pre-
cipitation during which Zn2+ in bulk reacts with OH− formed at the
cathode surface:

O2 gð Þ þ 2H2O lð Þ þ 4e−⇌4OH− aqð Þ E °0 ¼ þ0:40 V vs:SHE

Reaction 2

Zn2þ aqð Þ þ 2OH− aqð Þ⇌Zn OHð Þ2 sð Þ Reaction 3

The orange region depicted in Fig. 9 represents the area in which an
MEC-based system (i.e., with the assistance of an external power
supply) could be used for the direct recovery of metallic Zn from Zn2+

(Reaction 1) or Zn(OH)2 (Reaction 4). In such a system, the cathode
potentialwould thus bemuch lower than−0.2 V. Indeed, the electrode-
position of metallic Zn would require a potential close to −1.0 V (or
lower depending on pH and Zn2+ concentration), at which the
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hydrogen evolution reaction (HER) would be a significant side reaction,
probably limiting the overall efficiency of the process.

Zn OHð Þ2 sð Þ þ 2e−⇌Zn sð Þ þ 2OH− aqð Þ E °0 ¼ −1:25 V vs:SHE

Reaction 4
3.4.2. Prediction of the equilibrium potential using the Nernst equation
The Nernst equation was used to determine the specific potential at

equilibrium other than the standard state (Renslow et al., 2011). It is
written as:

E ¼ E °0−
RT
zF

lnQ ð1Þ
Scanning electron mi

(a) Batch mode (Con

(c) Batch mode

(b) Batch mode

Fig. 8. Cathode surfacemorphology (analysed under SEMand EDX) after the zinc recovery proce
anode - sample A and (c) batch mode anode - sample B conditions.
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where E is the reduction potential (V) at the temperature and concentra-
tion of interest, E°′ is the standard reduction potential (V), R is the univer-
sal constant (R = 8.314 J/(K mol)), T is the temperature (K), z is the
number of electrons transferred in the reaction, F is the Faraday constant
(F = 96,485C/mol), and Q is the quotient of the reaction. The value Q is
defined as:

Q ¼ Products½ �
Reactants½ � ð2Þ

where [Products] is the total concentration of reductants and [Reac-
tants] is the total concentration of oxidants. Therefore, the equilibrium
croscopy images

trol) - Sample A

 - Sample B

 - Sample A

ss using industrial wastewaters under (a) control (open circuit condition), (b) batchmode



Energy dispersive X-ray spectroscopy images
(a) Batch mode (Control) - Sample A

(b) Batch mode - Sample A

(c) Batch mode - Sample B

Fig. 8 (continued).

Fig. 9. Prediction of zinc removal from water based on Zn-water Pourbaix diagram in
different Zn2+ concentrations. The highlighted regions and arrows are possible Zn2+

precipitation pathways (in a microbial fuel cell (MFC): Pathways ② & ③) or reduction
pathways (in a microbial electrolysis cell (MEC): Pathways ① or ④) by using the
cathode deposition technique assisted by external power. Note: Pathway ②: Low
potential causes O2 reduction and pH increase in solution. Pathway ③: Alkaline
condition facilitates precipitation and deposition of Zn2+ as Zn(OH)2 on cathode surface.
Pathways ① (acidic condition) and ④ (alkaline condition) require external power
supply to assist metallic Zn reduction but hydrogen evolution reactions might take place
as the applied potential is below the reaction line.

S.S. Lim, J.-M. Fontmorin, H.T. Pham et al. Science of the Total Environment 776 (2021) 145934

11
potential in this study, either a half-cell (anode or cathode) or complete
cell can be predicted as in Table 3. The derived Nernst equations shown
in the table are used to represent the direct (metallic) reduction of Zn2+

(on the cathode side; Reaction 1), oxygen reduction reaction (on the
cathode side; Reaction 2), acetate oxidation (on the anode side, Reac-
tion 5) and complete reaction (combination of both anode and cathode;
Reactions 2 and 5). The [Zn2+] and pH are the only parameters affecting
the equilibrium potentials in Reaction 1 and Reaction 2, respectively.
However, more than one compound was involved in Reaction 5, or
Reactions 2 and 5, which required measurements of the organic (ace-
tate) and inorganic carbon (carbonate) contents in the anolyte.

Fig. 10 presents the equilibrium potentials with respect to [Zn2+]
under standard conditions (25 °C) and in experiments. In Fig. 10(a),
the equilibrium potential was increased exponentially from −0.92 to
−0.85 V vs. SHEwhen [Zn2+] was raised from 0 to 2.0mMand reached
a plateau after [Zn2+] was more than 2.0 mM.With respect to the tem-
perature variations, the percentage of the potential difference was less
than ±2% when the temperature was changed from the original 25 °C
to ±25 °C. In Fig. 10(b), the experimental data were compared to the
equilibrium potentials. According to the calculation, both potentials
provided in the control and MFC modes were higher than the equilib-
rium potential of [Zn2+] in the solution. In the control, the cathode po-
tential was +0.3 V vs. SHE and at least 1.1 V external potential (ΔE1)
was required to bring the potential down to −0.8 V vs. SHE. In MFC
mode, the potential gap was much smaller as the cathode potential
was reduced from +0.3 V to 0 V vs. SHE; however, the driving force



Table 3
Summary of derived Nernst equations for the prediction of the oxidation, reduction, and cell potentials in a microbial fuel cell.

Reaction Formula E°′ (V vs.
SHE)

Nernst
equation

Note

1 Zn (s) ⇌ Zn2+ (aq) + 2e− −0.76 EZn2þ ¼ −0:76−
RT
2F

ln
1

½Zn2þ� Half-cell reduction reaction (cathode).

2
O2 (g) + 2H2O (l) + 4e− ⇌
4OH− (aq)

+0.40 EOH− ¼ 0:40−
2:303RT

4F
ðpH−13:2756Þ Half-cell reduction reaction (cathode): saturated O2 (8.3 ppm) is

assumed, pH + pOH = 14.

5
CH3COOH (aq) + 2H2O (l) ⇌
2CO2 (g) + 8H+ (aq) + 8e−

−0.28 ECH3COOH ¼ −0:28−
2:303RT

8F
ð log ½CO2�

CH3COOH
−pHÞ Half-cell oxidation reaction (bioanode): undetermined due to

unknown acetate and CO2 concentrations.

2 + 5
CH3COOH (aq) + 2O2 (g) ⇌
2H2O (l) + 2CO2 (g)

+0.68 Eoverall ¼ þ0:68−
2:303RT

8F
ð log ½CO2�

½CH3COOH�−0:7244Þ Cell reaction (bioanode & cathode): undetermined due to
unknown acetate and CO2 concentrations.
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potential is still insufficient to drive metallic Zn2+ reduction at −0.8 V
vs. SHE and at least 0.8 V external power (ΔE2) was required. Modin
et al. (Modin et al., 2012) showed in their results that the addition of di-
luted metals in the solution can change the cathode potential in re-
sponse to the change in balance in chemical species under new
steady-state conditions. Their cathode potential with added 4.59 mM
Zn2+ was recorded to be slightly higher (~0.05 V) compared to the
control.

Fig. 11 depicts the comparison of the potential between O2/OH−

equilibrium and MFC-driven potentials. Zn2+ can react with OH− to
form insoluble compounds depending on the pH condition. MFC was
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used as an OH− production device (instead of direct reduction of Zn2

+, as mentioned above) to increase the pH in the catholyte via ORR. O2

was continuously supplied by sparging air into the catholyte. The reduc-
ing power of the bioanode (0 V vs. SHE) was provided (channelled via
an external circuit) to reduce the oxygen to hydroxide in the cathode ac-
cording to Reaction 2. In Fig. 11(a), the ORR occurred faster in MFC
mode than in the control. This is because the MFC cathode was assisted
by the bioanode in reducing its reduction potential. Higher potential dif-
ferential (ΔE2 = 0.6 V) was observed in MFC mode compared to the
control (ΔE1 = 0.2 V). Even though the control was not assisted by
the bioanode, a spontaneous reaction could occur due to ion complexity
(where the Zn content is a function of pH and NaCl (McMahon et al.,
2019)), chemical solubility (where the soluble O2 is a function of partial
pressure and air flow rate (Milner and Yu, 2018)), and environmental
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Fig. 11. Comparison of the equilibrium and MFC-driven potentials based on (a) time, and
(b) pH. Note:ΔE1 (control vs. equilibrium) andΔE2 (MFC-driven vs. equilibrium) indicate
the potential differential of the experimental data from the Nernst equation (Reaction 2).
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conditions (such as surface charge on the new electrode (Tombácz,
2009)). Similar potential differentials were observed under the pH
changes in Fig. 11(b). Increases in pH could affect the [Zn2+]/[Zn(OH)
2] equilibrium to a specific condition where the cathode potential
would favour the slow depletion of [Zn2+] over time (see Section 3.2).

3.4.3. Prediction of removal time based on initial concentrations and
applied current (the law of rate reaction)

To facilitate the estimation of Zn2+ removal, a rate law expression
was used to explain the change in Zn2+ over time. The reaction rates
were derived according to the depletion of the Zn2+ concentration in
the treated solution (catholyte) over time. Reaction 1, Reaction 2,
Reaction 3 or a combination of those reactions were used to derive the
reaction rates in the previous sections [Section 3.1:metallic Zn2+ reduc-
tion – external power input mode, Sections 3.2 & 3.3: Zinc precipitation
via oxygen reduction reaction – MFC mode, and slow spontaneous re-
moval – Control mode)]. The reaction rates are summarised as in For
Reaction 2, O2 reduction is assumed to occur via a single-step reaction.
The reaction process is simplified, as the actual mechanism involves
several intermediate steps during the transition fromO2 to OH−, includ-
ing the possible formation of hydrogen peroxide (Milner et al., 2017;
Wu et al., 2011; Nørskov et al., 2004). Table 4. For Reaction 2, O2 reduc-
tion is assumed to occur via a single-step reaction. The reaction process
is simplified, as the actual mechanism involves several intermediate
steps during the transition from O2 to OH−, including the possible for-
mation of hydrogen peroxide (Milner et al., 2017; Wu et al., 2011;
Nørskov et al., 2004).

According to Faraday's law of electrolysis, the applied current over
the time of Zn2+ removal can be expressed as:

IDAc ¼ nzF
t

¼
Zn2þ
h i °

− Zn2þ
h i� �

VczF

t
ð3Þ

where ID is the current density (A/m2), Ac is the cathode projected area
(0.032 m2), n is the amount of the deposited/reduced Zn (mol) equal to
([Zn2+]°-[Zn2+])Vc, [Zn2+]° is the initial Zn2+ concentration (M), [Zn2
+] is the Zn2+ concentration at time t (M), Vc is the catholyte volume
(0.0001 m3), z is the number of electrons transferred, which is 2 in the
reaction, F is the Faraday constant (F = 96,485C/mol), and t is the time
Table 4
Mathematical estimation of the reaction rate and assumptions for the removal of Zn2+ in abio

Reaction Formula E°′ (V vs.
SHE)

Original
rate
expression

Reaction rate &
half-life reaction

1 Zn (s) ⇌ Zn2+ (aq)
+ 2e−

−0.76 ra = k [Zn2

+]
r = k
t1/2 = [Zn2+]/2 k
(Zero order)
Linear equation:
[Zn2+] = −kt + [Zn2+]°
Faraday equation:
[Zn2+] = −(IDAc/zFVc) t
+ [Zn2+]°
tmax = [Zn2+]°zFVc/IDAc

3 Zn2+ (aq) + 2OH− (aq)
⇌ Zn(OH)2 (s)

Not
available

ra = k [Zn2

+] [OH−]2
r = k [Zn2+]
t1/2 = ln 2/k
(First order)
Linear equation:
ln [Zn2+] = −kt + ln [Zn

2 + 3 2Zn2+ (aq) + O2 (g)
+ 2H2O (l)
+ 4e− ⇌ 2Zn(OH)2 (s)

+0.40 ra = k [Zn2

+]2 [O2]
[H2O]2

r = k [Zn2+]2

t1/2 = 1/k [Zn2+]
(Second order)
Linear equation:
1/[Zn2+] = kt + 1/[Zn2+]

a All reactions are assumed to occur under standard conditions (1 atm, 25 °C).
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(s). Rearranged into linear form (y=mx+ c), the Zn2+ concentration,
[Zn2+] at a specific electrolysis time, t is written as:

Zn2þ
h i

¼ −
IDAc

zFVc
t þ Zn2þ

h i °
ð4Þ

By comparing with the rate equation in For Reaction 2, O2 reduction
is assumed to occur via a single-step reaction. The reaction process is
simplified, as the actual mechanism involves several intermediate
steps during the transition from O2 to OH−, including the possible for-
mation of hydrogen peroxide (Milner et al., 2017; Wu et al., 2011;
Nørskov et al., 2004). Table 4: Reaction 1, IDAc/zF is equal to the zero-
order reaction coefficient, k. If all Zn2+ in the solution was removed,
[Zn2+]=0 and themaximum timeof removal, tmax can be estimated as:

tmax ¼
Zn2þ
h i °

zFVc

IDAc
ð5Þ

Table 5 shows the values of the reaction coefficient, k and initial
Zn2+ concentration. Most of the fitted data showed a high value of
fitting, R2 (>0.99), except for the abiotic cell test under applied currents
of 0 and 0.06 A/m2. Table 5 (1) summarises all coefficient values deter-
mined from the abiotic cell tests using a zero-order reaction model. The
rate law equation is not meant to be used for zero applied current as no
reaction occurred or the reaction was driven by the fixed current. Zn2+

removal barely occurred at 0.06 A/m2 fixed current. This is because the
direct reduction of Zn2+ tometallic Zn requires at least−0.76 V vs. SHE.
It is believed that the cathodic potential was still higher than the stan-
dard reduction potential to perform an effective reduction reaction.
From the results shown in Fig. 2, it could be observed that the pH and
Zn2+ concentration was maintained even though the cell potential
was increased from−0.50 to 0.85 V (the cathode potential was not re-
corded) when the applied current was set from 0 to 0.06 A/m2. In the
abiotic cell test, the reaction coefficient k increased (0.040 to
1.342 mM/h), while the reaction half-life t1/2 decreased (22.643 to
0.724 h) as the fixed current ID increased from 0.06 to 5.56 A/m2 with
the initial Zn2+ concentration, [Zn2+]° equalled 1.99± 0.18mM. A sim-
ilar trend is also noticeable in the MFC mode and control, where k was
disproportional with t1/2.
tic cells, MFCs, and control modes.

Note

Abiotic cell mode: in the direct (metallic) Zn2+ reduction, Zn2+ removal is
depended on applied current (with the cathode potential ≤ −0.76 V vs. SHE).
Therefore, the [Zn2+] is an independent parameter in the rate law equation
which has no effect on the removal rate, r.
The rate coefficient, k is equal to IDAc/zF (derived from Faraday's law of
electrolysis (see Eq. (4)).

2+]°

MFC mode: Zn removal depended on available OH− and the OH− is depended
on the current provided by bioanode, indirectly limiting Zn2+ removal. [OH−]
is considered as an independent parameter due to continuous production
(unlimited) of OH− under oxygen reduction reaction (as long as the bioanode
keep supplying the electrons to cathode with unlimited supplied of O2 by air
purging).

°

Control mode: slow but spontaneous reaction as small amount of negative
charge might be available at local environment where the reaction takes place.
[O2] and [H2O] are independent parameters due to unlimited supplied by air
sparging in aqueous environment.



Table 5
Summary of the reaction coefficient (k), initial concentration ([Zn2+]°), and reaction half-life (t1/2) values for (1) abiotic cell test, (2) MFC mode, and (3) control.

(1) Abiotic cell testa Reaction coefficient, kd Initial concentration, [Zn2+]° Reaction half-life, t1/2 R2

Fixed current, ID

A/m2 mM/h mM hr

0 N.A. N.A. N.A. N.A.
0.06 0.040 1.817 22.64 0.017
0.22 0.119 2.037 8.57 0.797
0.56 0.163 1.964 6.02 0.964
2.22e 0.658 2.176 1.66 0.997
5.56 1.342 1.944 0.72 0.734

(2) MFC modeb Reaction coefficient, k Initial concentration, [Zn2+]° Reaction half-life, t1/2 R2

10 Ω load resistor 1/h mM hr

Batch 0.099 1.822 6.97 0.975
Flow-through 0.059 1.790 11.70 0.936
Sample A 0.235 1.409 2.95 0.998
Sample B 0.296 2.066 2.34 0.988

(3) Controlc Reaction coefficient, k Initial concentration, [Zn2+]° Reaction half-life, t1/2 R2

Open circuit (1/mM)/hr mM hr

Batch 0.026 1.800 21.45 0.886
Sample A 0.102 1.338 7.33 0.948

a Zero-order reaction.
b First-order reaction.
c Second-order reaction.
d A linear relationship (k vs. ID) can be plotted as k = 0.236 ID + 0.0574 where ko = 0.0574 mM/h.
e Maximum current density that can be achieved in batch mode MFC (refer Fig. S1).
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Tao et al. (Tao et al., 2014) conducted an experiment using amixture
of heavy metals (initial concentration) consisting of Cu2+ (12.6), Pb2+

(1.93), and Zn2+ (7.12). The experiment treated Cu2+ (under MFC
mode) first followed by Pb2+ and Zn2+ (electrolysis) in sequential
order corresponding to their standard reduction potentials. More than
90% removal was recorded for each metal element within 10 h of treat-
ment. They found that the experimental data fit well using a first-order
reaction model with reaction coefficients and k values (1/h) of 0.1603,
0.3620 and 0.3245 for Cu2+, Pb2+, and Zn2+, respectively. In our study
(see Table 5 (2)), the values of Zn2+ removal were estimated at 0.235
and 0.296/h for industrial samples A and B, respectively. The slight dif-
ference in the values was due to the initial Zn2+ concentration between
the samples (A: 1.409 and B: 2.066 mM). Surprisingly, the k value was
low using synthetic samples under the same experimental conditions.
It was calculated as 0.099/h, which is half of the industrial sample
values. The slow reaction rate in the synthetic sample (indicated by
the k value) increased the half reaction time, t1/2, by more than two
times (6.97 h) compared to the industrial samples (2.34–2.95 h). The
flow-through mode had the lowest k (0.059/h) and highest t1/2
(11.70 h) values, which were simply due to the ineffective operation
of the bioanode in comparisonwith the batchmode. Table 5 (3) summa-
rises the values of the coefficients in control (operated under open cir-
cuit conditions). It was found that the experimental data fit well using
the second-order reaction model. Second-order reaction kinetics is rep-
resented in well-known models applied in heavy metal adsorption re-
search to study the chemical sorption (chemisorption) properties on
an active material surface. Literature reviews (Bankole et al., 2019b;
Anoop Krishnan et al., 2016; Sharifpour et al., 2018a) have shown that
activated carbon and its derivatives (e.g., carbon nanotubes and sulfu-
rized carbon) are good materials for heavy metal adsorption and re-
moval. New carbon felt was replaced for every experiment and could
present the adsorption behaviours to remove Zn2+ in solution under
the control condition. This is due to the attraction of the valence force
with electrons being shared between the heavy metal cations and the
adsorbent (carbon felt in our case) (Sharifpour et al., 2018b). The k
value recorded for industrial sample A was 0.102/(mM hr), which is
14
higher than that of the synthetic sample (0.026/(mM hr)). Meanwhile,
t1/2was 7.33 h for industrial sample A and 21.45 h for the synthetic sam-
ple. The t1/2 values showed that Zn2+ removal was possible under con-
trol conditions compared to the MFC mode; however, the removal rate
was much slower, which also indicated the importance of the MFC
bioanode in assisting the removal.

In this study, a self-sustainingMFC powered by a bioanodewas used
to support Zn2+ removal from synthetic and industrial wastewater.
Apart from the energy-saving advantage, the Zn2+ removal efficiency
(96%) was competitive in comparison to other similar studies (see
Table 1) with a reasonable removal period (22h). The main process be-
hind the removal is the increase in catholyte pH via the oxygen reduc-
tion reaction driven by the bioanode to assist the precipitation of Zn
(OH)2.

4. Conclusion

The study demonstrated the feasibility ofMFCs for the removal of Zn
from actual industrialwastewaterswithout the assistance of an external
energy supply. The initial Zn2+ concentration in thewastewaterwasde-
termined to be 1.55± 0.35mM. The removal efficiencies were between
96 and 99%. However, the zinc recovery in terms of Zn(OH)2 accumula-
tion on the cathode surface was 83 and 42% for the synthetic and indus-
trial samples, respectively, while the rest of the zinc precipitate was
found in the remaining catholyte. The low level of precipitation attach-
ment on the cathode surface might be due to the complexity and con-
ductivity of the wastewater. Unlike the direct reduction of Zn2+ in
electrolysis, Zn(OH)2 is formed and agglomerates through weak inter-
molecular forces, tending to detach from the cathode surface during hy-
droxide precipitation. The prediction of Zn2+ removal using models
derived from theNernst equation and rate lawexpressionswas success-
fully achieved. The study showed that the bioanode was an important
component in providing the required potential to drive equilibrium
into a new steady state with less diluted Zn2+. Finally, the removal per-
formances in the electrolysis, MFC and control setup were determined
using rate law expressions. The results showed that the decreases in
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Zn2+ concentration in electrolysis (direct reduction), MFC (indirect via
O2 reduction) and control (chemisorption) followed zero-, first- and
second-order reaction rates, respectively. The reaction half-life, t1/2, of
the MFCs was 6.97 h, which is longer than the electrolysis process re-
corded as 1.66 h as a result of the process receiving sufficient energy
input to promote direct reduction of Zn2+ to metallic Zn. Even though
no external energy was provided in the cathode to assist Zn2+ removal,
the control recorded the longest reaction half-life, which was 21.45 h.
The highest reaction half-life value could be related to the adsorption
behaviour of the cathode, which slowly removed Zn2+ from the solu-
tion. Overall, it was shown that no external electrical energy source or
chemicals were required in the MFC mode process as the energy was
supplied by the bioanode, showing that the MFC can operate as a
standalone unit for the removal of Zn2+ from industrial wastewater.
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