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In recent years, microbial fuel cell (MFC) technology has become an attractive option for metal recovery/

removal at the cathode combined with electricity generation, using organic substrates as electron donor

at the anode. With no organic substrate supply, a single chamber air-cathode MFC was used to

synchronously recover metal and electricity from a real stream containing high-strength metal, sulfate,

strong acid and acidophilic chemoautotrophic bacteria (ACB). Instead, ferrous ions were used as

electron donor which made the single chamber air-cathode MFC applicable for the (bio)leachate and

mining/metallurgical stream sites possibly lacking organics. We showed that 71.8% iron was recovered,

and 95.9% ferrous ions were removed from a real iron-laden stream. At the same time, 360.1 mV cell

voltage was achieved with 88.1% of coulombic efficiency. In the presence of ACB microbes, the iron

recovery and power density were increased by 8.6% and 29.2%, respectively, via promoting the anode

electron transferring and preventing sulfur passivation of electrodes. Iron in the form of FeOOH

(goethite) was recovered mainly at the anode via the ferrous oxidization to Fe(OH)3. At the cathode,

ferrous ions directly combined with oxygen and electrons into FeO, and further into Fe2O3. It was

prospective at sites lack of organics to synchronously recover metals and electricity from real metal-

laden streams using single chamber air-cathode MFC technology.
1. Introduction

Due to the combination of pollutant removal with electricity
generation, microbial fuel cell (MFC) technology had potential
to transform the conventional wastewater treatment processes
from energy consumption to energy generation.1,2 Its applica-
tion also expanded to production of added-value products, such
as H2,3 from treatment of wastewater. The (bio)leachate and
mining/metallurgical streams were main contributor of heavy
metals to water body environment. To remove metals from
those streams, the methods generally involved in membrane
separation,4 electrowinning,5 absorption,6 biological transform
etc.7 On the other side, those streams also provided options for
valuable metal recovery, which possibly made removal
processes more economical and sustainable. Combined with
electricity generation, MFC reactors recently became attractive
option for metal recovery/removal at the cathode from metal-
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laden streams, using organic substrates as electron donor at
the anode.8–10

Removal/recovery of metals from metal-laden streams was
widely studied using dual or single chamber MFCs, in which
metals were removed in the anaerobic or anoxic cathode
chamber through cathode metal reduction, while organic
substrates were used as the carbon and electron donor in the
anode chamber.11–16 Cr(VI) and V(V) were simultaneously
reduced at the cathode in a double-chamber MFC.16 With
20 mmol L�1 acetate as electron donor, copper removal of >99%
from the CuCl2 catholyte [1 g L�1 Cu(II)] were achieved over 6 to
7 days of MFC operation.11 In a dual-chamber MFC, removal
efficiencies of 97.8% and 94.6% were achieved for initial
concentrations of 50 and 100 mg L�1 Au(III), respectively, over
12 h.17 A maximum power output of 0.89 W m�2 was outputted
for 100 mg L�1 Au(III). Removal of Au(III) from the catholyte was
associated with deposition of metallic Au(0) on the cathode
surface. The single chamber air-cathode microbial fuel cells
achieved the power density of 3.6 W m�2, and removed 90% Cd
and 97% Zn mainly by bio-sorption and sulde precipitation,
from 200 mmol L�1 Cd and 400 mmol L�1 Zn solutions, respec-
tively.18 As reported above, metal was generally used as the
electron acceptor at the cathode, and organics was as the elec-
tron donor at the anode. It was not always applicable for the
(bio)leachate and mining/metallurgical stream sites possibly
lack of organics.
RSC Adv., 2017, 7, 12503–12510 | 12503
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Fig. 1 Schematic diagram of single chamber air-cathodeMFC reactor.
It had an internal volume of 28 mL. With a normalized surface area of
7.1 cm2, the anode paralleled to the cathode with a distance of 1.5 cm
and were connected by a piece of titanium wire across an external
loading of 500 U.
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In a double chamber fuel cell reactor with an anion exchange
membrane, Fe2+ was abioticly removed from synthetic acid-mine
drainage (ADM) water through oxidizing to insoluble Fe(III)
[Fe(OH)3], which precipitated at the bottom of the anode
chamber or on the anode electrode via eqn (1).19 Optimum
conditions were a pH of 6.3 and a ferrous iron concentration
above�0.0036mol L�1. Further, Fe2O3 particle diameters ranged
from 120 to 700 nm, with sizes that could be controlled by
varying the conditions in the fuel cell, were harvested.20However,
real (bio)leachate and mining/metallurgical streams contained
high-strength metals and sulfate as well as acidophilic chemo-
autotrophic bacteria (ACB),21 which made the metal recovery/
removal complicated. Moreover, it became unknown how the
presence of sulfate and ACB microbes inuenced electricity
generation from those metal-laden streams.

Fe2+ + 3H2O / Fe(OH)3Y + 3H+ + e�,
(DfG

0 ¼ +77.49 kJ mol�1) (1)

Here, we used single chamber air-cathode MFCs to recover
metals combined with electricity generation from real stream
contained 50.1 mmol L�1 Fe2+, 14.1 mmol L�1 Fe3+ and
52.1 mmol L�1 SO4

2+ as well as ACB microbes. The metal
precipitates were identied using scanning electron microscopy
(SEM) and X-ray photoelectron spectroscopy (XPS), and metal
recovery mechanism was analyzed. We showed here that, with
no organic substrates as electron donor, 71.8% iron was
recovered and 343.31 mWm�2 power density was achieved with
88.1% of coulombic efficiency. In the presence of ACBmicrobes,
the iron recovery and power density were increased by 8.6% and
29.2%, respectively, via promoting the anode electron trans-
ferring and preventing sulfur passivation of electrodes. The
results might be useful for the investigations that metals were
recovered using MFCs, with no organics as electron donor, from
(bio)leachate and mining/metallurgical streams contained
high-strength metal, sulfate, strong acid and ACB microbes.
2. Materials and methods
2.1. Setups and bioleaching solution

Equipped with air-cathodes, single-chamber MFC reactors with
an internal volume of 28 mL were used in this study (Fig. 1).
With a normalized surface area of 7.1 cm2 (one side), anodes
were made of pretreated graphite felt (non wet-proofed, Beijing
Sanye Cabon Co. Ltd., China). The cathode was prepared
through applying platinum powder (0.5 mg cm�2 Pt, Hispec
3000, Shanghai Hesen Electric Co. Ltd., China) and four diffu-
sion layers (polytetrauoroethylene, PTFE) on 30 wt% water-
tight carbon cloth (HCP 330P, Shanghai Hesen Electric Co. Ltd.,
China) as previously described.19 Both electrodes paralleled to
each other with a distance of 1.5 cm and were connected by
a piece of titanium wire across an external loading of 500 U.

The real iron-laden stream used here was obtained by biol-
eaching FeS power as previously described.22 The mixture of 10
mL effluent, from the existing well-runningmembrane bioreactor
(MBR) treating synthetized municipal wastewater in our lab, and
90 mL anode medium [0.20 g L�1 (NH4)2SO4, 3.93 g L�1
12504 | RSC Adv., 2017, 7, 12503–12510
K2HPO4$3H2O, 0.50 g L�1 MgSO4$7H2O, 0.19 g L�1 CaCl2, and
10.00 g L�1 elemental sulfur] was adjusted to pH ¼ 2.5 and
transferred into 250 mL serum bottles. The bottles were put in
a shaker of 150 rpm, and cultivated for at 30 �C. Onemonth later,
the bottles were taken out of the shaker and naturally settled. The
supernatant was refreshed using the anode medium and
continued to cultivate as described above. Threemonths later, the
inocula contained ACB microbes were obtained23 and its pH level
was ～2.5. ACB microbes could grow well in strong acid solution
and tolerated high-strength metals under both anaerobic and
aerobic environment.24,25 Importantly, ACB microbes had ability
to take S0 as electron donor (during which S0 was oxidized to
SO4

2�) and ferric ions or electrode as electron acceptor, conse-
quently preventing sulfur passivation of electrode.26,27

14 mL inocula in brown color was fully mixed with 25 g L�1 of
FeS power and added to the anode chamber of a double-chamber
MFC reactor separated by proton exchangemembrane (Naon-117,
DuPont Company, USA), followed by addition of anode medium to
28 mL. Then, 28 mL phosphate buffer solution (PBS, 11.53 g L�1

Na2HPO4$12H2O, 2.77 g L�1 NaH2PO4$2H2O, 0.31 g L�1 NH4Cl,
and 0.13 g L�1 KCl) transferred to the cathode chamber (28 mL).
Both anode and cathode weremade of pretreated graphite felt, and
connected by a piece of titanium wire across an external loading of
500U. Aer the double-chamberMFC reactor above reached stable,
the anode supernatant (here called real iron-laden stream and used
in this study) was collected which contained 50.1 mmol L�1 Fe2+,
14.1 mmol L�1 Fe3+ and 52.1 mmol L�1 SO4

2+ as well as ACB
microbes. The pH value of real iron-laden stream was around 3.5.

2.2. Operational

For determination of the initial pH inuence on electricity
generation, three single-chamber MFC reactors were lled with
This journal is © The Royal Society of Chemistry 2017
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28 mL synthetic stream containing 50 mmol L�1 Fe2+ in an
anaerobic glove box, and then the pH adjusted to 2.5 (MFC-2.5),
4.5 (MFC-4.5) and 6.5 (MFC-6.5) using 0.1 mol L�1 HCl and
0.1mol L�1 NaOH solution, respectively. For the treatment of real
iron-laden stream, the reactor (inoculated MFC) were lled with
28 mL real stream in an anaerobic glove box, and then the pH
level adjusted to the optimal value determined above from 3.5. In
order to investigate the role of ACB microbes carried by real iron-
laden stream, another reactor (Sterile control) was lled aer
ltrating by 0.2 mm acetate ber microltration membrane to
remove ACB microbes from real iron-laden stream. All reactors
were placed in a temperature-controlled room (30 �C).

Themedium in the reactors was relled when the cell voltage
dropped below 20mV. At the end of experiment, the precipitates
at the bottom of reactors and on electrode surface were removed
with a plastic plate and analyzed as follows. The solution was
monitored for total iron and ferrous ions. The anode and
cathode were soly washed using deionized water and air-dried
at room temperature for the use of SEM (TM3030, HITACHI,
Japan) observation. The precipitates were washed using deion-
ized water and centrifuged three times at 3000g, and air-dried at
room temperature for the use of XPS (AXIS HIS 165 spectrom-
eter, Kratos Analytical) survey.
Fig. 2 Cell voltages generated from synthetic stream with 50 mmol
L�1 Fe2+. Three reactors were filled with 28 mL synthetic stream in an
anaerobic glove box, and then the pH adjusted to 2.5 (MFC-2.5), 4.5
(MFC-4.5) and 6.5 (MFC-6.5) using 0.1 mol L�1 HCl and 0.1 mol L�1

NaOH solution, respectively.

Fig. 3 Power density generated from synthetic stream. After the
reactors were in open circuit for overnight, the power density curves
were obtained by changing the external resistance in the range of 100
U to 100 kU.
2.3. Analysis

The cell voltage (V) across the external loading (R) was auto-
matically recorded by a computer-based data acquisition system
(DAQ-2204, Taiwan ADLINK Ltd., China) at a pre-determined
sampling frequency (1 h). The power output (P), normalized
by the projected surface area of the anode (A), was calculated by
the equation P ¼ V2 (R�1 � A). Aer the reactors reached stable,
cyclic voltammetry (CV) scanning of the anode was conducted
using an electrochemical workstation (CHI600D, CH Instru-
ments Inc., China) in depleted substrate condition. Before
analysis, the reactors were le in open-circuit for 1 h to reach
the static state. The working and counter terminals of the
electrochemical instrument were connected in situ to the anode
and cathode of the examined MFC reactor, while a saturated
calomel electrode (SCE, +0.242 V vs. the standard hydrogen
electrode [SHE], Gaoshirilian Ltd., China) as the reference
electrode was placed close to the anode. Prior to use, SCE was
carefully rinsed with deionized water. According to the working
potential of the electrodes investigated here, CV was performed
from �0.9 V to +0.9 V vs. SCE at a scan rate of 1 mV s�1.

The concentrations of total iron were quantied at 248 nm by
the ame atomic absorption spectrophotometry (AA-7000,
SHIMADZU, Japan) equipped with a hollow cathode lamp (GL,
SHIMADZU, Japan), and ferrous ions was by phenanthroline
spectrophotometric method.28 If not analyzed immediately, the
ltered samples were kept pH < 2.5 in closed vials to prevent the
oxidization of ferrous to ferric ions or precipitation. At the end
of experiment, the anode and cathode of the inoculated MFC
reactor aer dried were imaged using SEM.29 The precipitates of
both anode and cathode of the inoculated MFC reactor were
respectively recorded by XPS spectrometer equipped with
a monochromatized Al Ka X-ray source (1486.71 eV photons).
This journal is © The Royal Society of Chemistry 2017
3. Results and discussion
3.1. Inuence of initial pH on electricity generation from
synthetic stream

Due to the strong dependence of eqn (1) on solution pH, the
outputted cell voltages and power densities were rstly shown
in Fig. 2 and 3 as varying initial pH of synthetic stream from 2.5
to 4.5 and 6.5. The peak cell voltages of three single chamber
air-cathode MFC reactors rstly experienced a rapid decline and
then reached a platform, suggesting that electricity heavily
depended on chemical reaction. The peak cell voltages of MFC-
2.5, MFC-4.5 and MFC-6.5 reactors presented to be 267.4, 352.4
and 189.6 mV. Accordingly, the power density along with initial
RSC Adv., 2017, 7, 12503–12510 | 12505
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Fig. 4 Cell voltage generated from real iron-laden stream. The real
stream used here was obtained by bioleaching FeS power as previously
described in our lab, which contained 50.1 mmol L�1 Fe2+, 14.1 mmol
L�1 Fe3+ and 52.1 mmol L�1 SO4

2+ as well as ACB microbes. The pH
value was around 3.5.

Fig. 5 CV curves of real stream system. After the reactors reached
stable, CV scanning was conducted using an electrochemical work-
station in depleted substrate condition. Before analysis, the reactors
were left in open-circuit for 1 h to reach the static state.
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pH variation was 139.5 mWm�2 for MFC-2.5, 298.9 mWm�2 for
MFC-4.5 and 47.3 mW m�2 for MFC-6.5, which was negatively
associated with the internal resistances (Fig. 3). The single
chamber air-cathode MFC reactor with pH ¼ 4.5 outperformed
in electricity generation. The power generated at pH ¼ 4.5 here
was approximate to that of a double chamber fuel cell reactor
with an anion exchange membrane treating synthetic ADM
water at pH ¼ 6.3, in which the maximum power density was
290 mW m�2.19 In the air-cathode MFC reactor, the cathode pH
was always approximate to that of the anode, and the lower pH
level supplied enough H+ for the cathode reduction reaction.
The shi of optimal pH from 6.3 of dual-chamber MFC to 4.5
here was possibly associated with the reactor structure, which
could reduce the dosage of alkali.

At 25 �C, the solubility product constant of Fe(OH)2 in
aqueous solution was 8 � 10�16.30 Generally, when the iron ion
concentration in aqueous solution was below 10�4 mol L�1, iron
hydroxide [Fe(OH)2] were regarded to completely precipitate via
eqn (2). Accordingly, [OH�] were calculated to be around
10�6.5 mol L�1, indicating that the pH level higher than 7.5 was
favorable for the precipitation of Fe(OH)2. The higher the pH,
the more the iron hydroxide precipitates. In our single chamber
air-cathode MFC reactors, the initial pH was 2.5, 4.5 and 6.5 and
lowered to 2.0, 4.0 and 6.0 at the end of each reaction cycle,
suggesting that ferrous iron would not precipitate in the form of
Fe(OH)2 via eqn (2). However, with the anode catalysis and
electron transferring, ferrous ion easily deposited in the form of
Fe(OH)3 via eqn (1) at the anode although this reaction was
thermodynamically unfavorable with DfG

0 ¼ +77.49 kJ mol�1

under standard conditions ([H+] ¼ 1 mol L�1, pH ¼ 0).
Synchronously, oxygen was combined with H+ (from streams or
diffused from the anode) and electrons (transferred from the
external circuit) into water at the cathode. Eqn (1) was strongly
pH dependent, and increasing pH made it more favorable.
When the initial pH in air-cathode MFC reactors increased to
4.5 from 2.5, Fe(OH)3 was more favorable to deposit with the
oxidization of ferrous ions. The outputted cell voltages in MFC-
4.5 reactor amounted to 352.4 mV (Fig. 2). Also, at pH ¼ 2.5, it
was difficult for Fe(OH)3 to precipitate and recover iron, which
further blocked the oxidization of ferrous to ferric ions, causing
that the outputted cell voltage of MFC-2.5 was lower than that of
MFC-4.5 reactor. The peak cell voltage of MFC-6.5 heavily
turned down to 189.6 mV from 352.4 mV of MFC-4.5. Although
not well understood, it was possibly associated with [H+]
decrease at pH ¼ 6.5, which made cathode oxygen reduction
lowered, consequently decreasing the outputted cell voltage.

Fe2+ + 2H2O/ Fe(OH)2Y + 2H+, (DfG
0 ¼ +57.95 kJ mol�1) (2)

3.2. Electricity generation and iron recovery from real iron-
laden stream

As revealed above, the single chamber air-cathode MFC reactor
at pH ¼ 4.5 achieved the highest cell voltage when treating
synthetic stream with 50 mmol L�1 Fe2+. We replaced synthetic
stream using real iron-laden stream containing 50.1 mmol L�1

Fe2+, 14.1 mmol L�1 Fe3+ and 52.1 mmol L�1 SO4
2+ as well as
12506 | RSC Adv., 2017, 7, 12503–12510
ACBmicrobes. It showed that the peak cell voltage was 360.1 mV
for the inoculated MFC reactor and 314.6 mV for the Sterile
control (Fig. 4). Accordingly, the power densities were 343.31
mW m�2 for the inoculated MFC reactor and 265.64 mW m�2

for the Sterile control. In the presence of ACB microbes, the
power density was increased by 29.2%. A couple of redox peaks
with the potentials of about �0.1 V and +0.1 V, which was in
agreement with that of biolm,27 was observed in CV curve of
the inoculated anode (Fig. 5). It demonstrated that the anode
biolm with redox species formed due to the presence of
ACB microbes carried by real iron-laden stream, and further
This journal is © The Royal Society of Chemistry 2017
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promoted electrons transferring.31 While, in CV curve of the
Sterile anode, there was no redox peak, showing that it pre-
sented no electrochemical activity substances.

In single chamber air-cathode MFC reactors, SO4
2� was as

high as 52.1 mmol L�1 and could be reduced to S0 via eqn (3)
(DfG

0 ¼ �193.66 mol L�1), and S0 deposition usually led to
electrode passivation32 and further inhibited electricity gener-
ation. Different from well-known microbes, such as sulfate-
reducing bacteria,33 ACB microbes could grow well in strong
acid solution and tolerated high-strength metals under both
anaerobic and aerobic environment.24,25 Importantly, ACB
microbes had ability to take S0 as electron donor (during which
S0 was oxidized to SO4

2�) and ferric ions or electrode as electron
acceptor, consequently preventing eqn (3) to happen.26,27

Therefore, the presence of ACB microbes in the inoculated MFC
reactor made sulfur passivation of electrode avoidable and the
outputted cell voltage was higher than that of the Sterile control.
It also was higher than that of a double chamber fuel cell reactor
treating synthetic ADM water with no microbes.19

SO4
2� + 8H+ + 6e� / S0Y + 4H2O, (DfG

0 ¼ �193.66 mol L�1)

(3)

At the end of experiment, the total iron ion concentration
decreased to 1218.6 mg L�1 for the Sterile control and 1012.3 mg
L�1 for the inoculatedMFC reactor, respectively, from 3595.2 mg
L�1 at the beginning of experiment (Table 1). The iron recovery
rate was calculated to be 66.1% for the Sterile control and 71.8%
for the inoculated MFC reactor by precipitating on the anode
and cathode as well as at the bottom of reactors. Accordingly, the
total iron precipitates collected were 184.0 mg and 196.0 mg
(Table 1) and was light-brown color to the naked eyes (Fig. S1†),
and the anode precipitates amounted for 83.2% and 83.7%,
respectively. It showed that the iron recovery mainly completed
on the anode and was dominated by eqn (1), which was in
agreement with the results of Cheng et al.19 In addition, the
ferrous ion concentration in the inoculated MFC reactor
decreased to 114.4 mg L�1 from 2805.6 mg L�1, showing the
removal rate of ferrous iron was as high as 95.9%.

With 95.9% ferrous ions removed in the inoculated MFC
reactor, there was 1.35 mmol electrons released to the anode
(eqn (1)). Based on the cell voltage across 500 U external resis-
tance, the current generated was equivalent to 1.19 mmol
Table 1 Distribution of iron in the sterile control and inoculated MFC
reactors at pH ¼ 4.5 before and after operation. The reactors were
filled with real stream containing 50.1 mmol L�1 Fe2+, 14.1 mmol L�1

Fe3+ and 52.1 mmol L�1 SO4
2+ as well as ACB microbes

Items
Sterile
control

Inoculated
MFC reactor

Initial concentration of total iron (mg L�1) 3614.3 3614.3
Final concentration of total iron (mg L�1) 1218.6 1012.3
Anode precipitate (mg) 153 164
Cathode precipitate (mg) 19 26
Precipitate at the reactor bottom (mg) 12 6
Sum of precipitate (mg) 184 196

This journal is © The Royal Society of Chemistry 2017
electrons over one stable reaction cycle, and the coulombic
efficiency of the inoculated MFC reactor was calculated to be
88.1% higher than 72% obtained using bacteria and acetate.34

However, the ferrous removal and coulombic efficiency here
were slightly lower than the literature.19 It might be attributed to
oxygen diffusion to the anode from the air cathode and the
presence of unknown electron acceptors in real streams.
Anyway, it demonstrated that single chamber air-cathode MFC
technology had potential to synchronously recover metal and
electricity from real metal-laden streams.
3.3. SEM observation and XPS analysis of precipitate and
electrodes

At the end of experiment, the precipitates of the anode and
cathode as well as the anode surface of the inoculated MFC
reactor aer air-dried were observed using SEM (Fig. 6), and the
precipitates was surveyed using XPS (Fig. 7). As can be seen, the
anode precipitate presented to be coarse with some bumps
(Fig. 6a). The cathode precipitate grew a large amount of
irregular solid pellets or ocs (Fig. 6b), suggesting that the
anode precipitate was different from the cathode. Additionally,
the anode surface was covered by rod-shaped bacteria (Fig. 6c),
which was in agreement with the electro-active biolm forma-
tion (Fig. 5). The anode precipitate contained O, Fe, Na, Mg, Cl
and S elements as revealed by the XPS survey (Fig. 7a), and the O
absorption peak was strongest followed by that of Fe element. It
indicated that the anode precipitate mainly contained O and Fe
elements, probably were iron oxides carrying a small amount of
sodium and magnesium salts in. In XPS spectra, the absorption
peak of O element appeared at the binding energy of around
531.1 eV, and O element here was attributed to iron(III)
hydroxide oxide (FeOOH).35 The absorption peak of Fe element
occurred at the binding energy of around 710.1 eV, which was
also attributed to iron(III) hydroxide oxide (FeOOH).36 It
concluded that the anode precipitate was dominated by iron(III)
hydroxide oxide (FeOOH), which was in agreement with the
result of Cheng et al.20 In addition, a weak absorption peak of S
element appeared at the binding energy of 169.1 eV in the XPS
spectra, suggesting that there was a small amount of sulfate in
the anode precipitate.37 There was no S0 detected in the anode
precipitate according to Lindberg et al.,38 which was possibly
associated with ACB microbes presented in real iron-laden
stream.

The XPS spectra of cathode precipitate was revealed in
Fig. 7b. There were O, Fe, S, K, Na, Mg and Cl elements, which
was slightly complicated than that of the anode precipitate. O
and Fe elements still remained to be dominant. Different from
Fe spectra of anode, the absorption peak of Fe element occurred
at the binding energy of around 712.1 eV, and was regarded to
be from iron(III) oxide.39 O element was from metallic oxide
because the binding energy was at around 532.1 eV.40 It sug-
gested that, different from the anode precipitate, the cathode
precipitate mainly contained Fe2O3. Similarly, the S absorption
peak revealed to be sulfate,37 but not S0.

In the cathode precipitate, because there was a certain
amount of K element and the S absorption peak was heavily
RSC Adv., 2017, 7, 12503–12510 | 12507
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Fig. 6 SEM images of the precipitates from anode (a) and cathode (b) as well as anode surface (c) of the inoculated MFC reactor at the end of
experiment.

Fig. 7 XPS survey of anode (a) and cathode (b) precipitates recovered
from the inoculated MFC reactor. Before analysis, precipitates were
air-dried at room temperature.
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stronger than that of the anode precipitate, we speculated that
jarosite [KFe3(SO4)2(OH)6] precipitated via eqn (4) with the ther-
modynamic favorable free energy (DfG

0 ¼ �135.45 kJ mol�1).
Further, the jarosite electrode passivation possibly took place.41

However, jarosite dissolution reactions (eqn (5) and (6)) in lower
pH solution were also thermodynamically favorable with the free
energies of �116.50 and �93.70 kJ mol�1, respectively.

2Fe(OH)3 + K+ + Fe3+ + 2SO4
2� / KFe3(SO4)2(OH)6Y,

(DfG
0 ¼ �135.45 kJ mol�1) (4)

KFe3(SO4)2(OH)6 + 8H+ + 3e� / K+ + 3Fe2+ + 2HSO4
�

+ 6H2O, (DfG
0 ¼ �116.50 kJ mol�1) (5)

KFe3(SO4)2(OH)6 + 6H+ + 3e�/K+ + 3Fe2+ + 2SO4
2� + 6H2O,

(DfG
0 ¼ �93.70 kJ mol�1) (6)

Based on eqn (7), the reduction potential (E0) was calculated
to be +0.402 V for eqn (5) and +0.324 V for eqn (6) under stan-
dard conditions. The potential under nonstandard conditions
could be given by Nernst equation. Jarosite dissolution reac-
tions (eqn (5) and (6)) were pH dependent, and increasing pH
made the reaction more unfavorable. Under our experiment
conditions of pH ¼ 4.5, [K+] ¼ 0.67 � 10�3 mol L�1, [Fe2+] ¼
0.050 mol L�1, [SO4

2�] ¼ 0.052 mol L�1 and T ¼ 303 K, the
reduction potential was calculated to be �0.115 V for eqn (5)
and �0.017 V for eqn (6). It meant that jarosite dissolution
reactions only happened at the anode. Therefore, there was no K
element detected in the anode precipitate and a weaker S
absorption peak. In the inoculated MFC reactor, not only was
there no sulfur passivation of electrodes, but also there was no
jarosite passivation, although real iron-laden stream contained
0.052 mol L�1 SO4

2�.
12508 | RSC Adv., 2017, 7, 12503–12510 This journal is © The Royal Society of Chemistry 2017
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Table 2 Reaction equations and their thermodynamics parameters involved in iron recovery using single chamber air-cathode MFC reactors.
The free energy (DfG

0) was calculated based on thermodynamic data, and potentials under standard and nonstandard conditions were calculated
using Nernst equation

Reaction equations DfG
0 (kJ mol�1) E0 (V) Potential equations E0 at pH ¼ 4.5 (V)

Anode reactions
(a) Fe2+ + 3H2O / Fe(OH)3Y +3H+ + e� +77.49 �0.803 E ¼ �0.800 + 0.006 pH �0.773
(b) Fe2+ / Fe3+ + e� +74.17 �0.769 E ¼ �0.726 �0.726
(c) Fe2+ + 2e� / FeY +78.87 �0.409 E ¼ �0.447 �0.447
(d) Fe3+ + 3e� / FeY +4.70 �0.016 E ¼ �0.052 �0.052
(e) Fe3+ + 3H2O / Fe(OH)3Y +3H+ +3.32 — — —

Cathode reactions
(f) O2 + 4H+ + 4e� / 2H2O �469.08 +1.229 E ¼ +1.229 � 0.060 pH +0.959
(g) 2Fe2+ + O2 + 4e� / 2FeOY �345.06 +0.894 E ¼ +0.846 +0.846
(h) Fe3+ + e� / Fe2+ �74.17 +0.769 E ¼ +0.736 +0.736
(i) 4FeO + O2 / 2Fe2O3Y �560.66 — — —
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DfG
0 ¼ �nFE0 (7)

3.4. Mechanism analysis of iron recovery in single chamber
air-cathode MFC reactors

Based on the results and discussion above, the possible reac-
tions associated with iron recovery in single chamber air-
cathode MFC reactors treating real iron-laden stream were lis-
ted in Table 2. The reaction free energy (DfG

0) was calculated
according to the thermodynamic data30 and the potentials
under standard conditions were obtained for the reduction and
oxidization reactions via eqn (7).

Under our experiment conditions of pH ¼ 4.5, [Fe3+] ¼
0.014 mol L�1, [Fe2+]¼ 0.050 mol L�1 and T¼ 303 K, the ferrous
oxidization to Fe(OH)3 precipitate [eqn (a) in Table 2] with E0 ¼
�0.773 V was most favorable and followed by the ferrous oxi-
dization to ferric ions [eqn (b)] with E0 ¼ �0.726 V. In the single
chamber air-cathode MFC combined electricity generation with
iron recovery from real iron-laden stream in this manuscript,
ferrous iron, instead of organic substrates, was used as electron
donor. At 25 �C, the solubility product constant of Fe(OH)3 in
aqueous solution was 4 � 10�38.30 Accordingly, [OH�] were
calculated to be around 10�11.5 mol L�1, indicating that the pH
level higher than 2.5 was favorable for the precipitation of
Fe(OH)3. Therefore, the ferric ions also precipitated in the form
of Fe(OH)3 at pH > 2.5 [eqn (e)].

Further, Fe(OH)3 was lost water to FeOOH, as demonstrated
by anode XPS spectra (Fig. 7a). Additionally, the free energies
(DfG

0) of ferrous and ferric reduction to metallic Fe(0) [eqn (c)
and (d)] were +78.87 and +4.70 kJ mol�1 under standard
conditions,30 and the corresponding potentials (E0) were�0.409
and �0.016 V, respectively. Compared with the potential of eqn
(a) in Table 2, the formation of metallic Fe(0) was not compet-
itive at the anode, especially at pH ¼ 4.5 [Fe(OH)3 completely
precipitated]. To avoid metallic Fe(0) formation at the anode
and keep sustainable electricity generation, the solution pH
should be kept at higher value. From Table 2, the reduction of
oxygen via accepting electrons transferred from the anode [eqn
(f)] was most favorable at the cathode and followed by the
This journal is © The Royal Society of Chemistry 2017
formation of FeO [eqn (h)]. Further, the FeO oxidization to
Fe2O3 [eqn (i)] in the presence of O2 was also thermodynami-
cally favorable (DfG

0 ¼ �560.66 kJ mol�1), and, therefore, the
cathode precipitate was dominated by Fe2O3 (Fig. 7b). It meant
that Fe2O3 was directly produced through ferrous oxidization
using oxygen at the cathode.

Both FeOOH (goethite) and Fe2O3 were conductive and their
precipitation on the anode or cathode would not inuence the
sustainable electricity generation. At the anode of single
chamber air-cathode MFC reactors treating real iron-laden
stream, the higher pH (>2.5) should be kept to completely
precipitate Fe(OH)3 and the anode product was controlled to be
higher-grade FeOOH. To ensure that Fe2O3 dominated the
cathode precipitate, enough oxygen should be supplied at the
cathode.
4. Conclusions

The single chamber air-cathode MFC combined electricity
generation with iron recovery from real iron-laden stream in
this manuscript. Ferrous iron, instead of organic substrates,
was used as electron donor, which made it applicable for the
(bio)leachate and mining/metallurgical stream sites possibly
lack of organics. Using the synthetic stream, the optimal initial
pH of air-cathode MFC solution was determined to be 4.5 with
352.4 mV of cell voltage and 298.9 mW m�2 of power density.
Without organic substrates as electron donor, 71.8% iron was
recovered, 95.9% ferrous ions was removed and 343.31 mWm�2

power density were generated from real iron-laden stream at
pH ¼ 4.5. ACB microbes carried in real iron-laden stream was
able to make the anode biolm electrochemically active and
further promote the electron transferring, and prevent sulfur
passivation of electrodes via inhibiting sulfate reduction to S0.
Ferrous ions were mainly oxidized to Fe(OH)3 at the anode and
recovered by FeOOH. In the presence of oxygen, ferrous ions
directly combined with oxygen and electrons into FeO, and
further into Fe2O3 at the cathode. Aer optimization of system,
it was prospective to recover metals and electricity from real
streams, which contained high-strength metal, sulfate, strong
RSC Adv., 2017, 7, 12503–12510 | 12509
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acid and ACB microbes, using single chamber air-cathode MFC
technology.
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