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Highlights

Fe(I11) shuttles electrons for enhanced reduction of Cr(VI) in MFCs;

The coulombic efficiency increases by 1.6 fold in the presence of Fe(lll);
The reduction of Cr(VI) occurs via an indirect Fe(l11) mediation mechanism;

Fe(ll) decreases the diffusional resistances and the cathode overpotentials.



Abstract

The role of Fe(l1l) was investigated as an electron-shuttle mediator to enhance the
reduction rate of the toxic heavy metal hexavalent chromium (Cr(V1)) in wastewaters,
using microbial fuel cells (MFCs). The direct reduction of chromate (CrO4’) and
dichromate (Cr,0+*) anions in MFCs was hampered by the electrical repulsion
between the negatively charged cathode and Cr(V1) functional groups. In contrast, in
the presence of Fe(ll1), the conversion of Cr(V1) and the cathodic coulombic
efficiency in the MFCs were 65.6% and 81.7%, respectively, 1.6 times and 1.4 folds
as those recorded in the absence of Fe(l11). Multiple analytical approaches, including
linear sweep voltammetry, Tafel plot, cyclic voltammetry, electrochemical impedance
spectroscopy and kinetic calculations demonstrated that the complete reduction of
Cr(VI) occurred through an indirect mechanism mediated by Fe(l1l). The direct
reduction of Cr(VI) with cathode electrons in the presence of Fe(lll) was insignificant.
Fe(ll) played a critical role in decreasing both the diffusional resistance of Cr(VI)
species and the overpotential for Cr(VI) reduction. This study demonstrated that the
reduction of Cr(VI) in MFCs was effective in the presence of Fe(lll), providing an
alternative and environmentally benign approach for efficient remediation of Cr(V1)
contaminated sites with simultaneous production of renewable energy.

Keywords: Cr(VI) reduction; Fe(l1l) mediator; diffusion resistance; cathode

overpotential; microbial fuel cell



1 Introduction

The heavy metal hexavalent chromium (Cr(V1), as Cr,0;% or CrO4 in solution)
typically found in the wastewaters from the electroplating and mining industries, is
known to be extremely toxic and carcinogenic to living organisms when discharged
to the environment [1]. The reduction of Cr(V1) to the less toxic Cr(lll) is a feasible
and common method for Cr(VI) removal in contaminated sites [1-2]. Conventional
methods for Cr(V1) reduction include chemical, physicochemical, electrochemical
and biological processes [1-2]. Recently, microbial fuel cells (MFCs) have also
shown promising results for the reduction of Cr(V1) since they couple reduced sludge
generation with the production of renewable energy [3-4]. In MFCs, electrons are
released from reductive organic matters in the anode in the presence of
exoelectrogens. These electrons flow to the cathode, where they are captured by
reductive species such as dissolved oxygen or metal ions, producing renewable
energy in the form of electricity. The reduction of Cr(VI) and the generation of
electricity in MFCs have been reported in literature with variable degrees of success
(Table 1), using different solution conditions, reactor architectures and cathode
electrodes. However, since the Cr(V1) species (Cr,0-> or CrO,*) are electronegative
and mutually exclusive against the negatively charged cathodes, the reduction of
Cr(V1) and the electrochemical reaction Kinetics are usually slow. The development
of biocathodes based on the electrotrophic mediation between cathode electrode and
Cr(V1) [12-13,15-19] appears to be a promising method for the reduction of Cr(VI) in
MFCs. However, the challenges include the requirements of maintaining low initial

Cr(VI) concentrations and a neutral catholyte environment, limiting its practical



application, due to the high concentrations of Cr(V1) usually found in the acidic
wastewaters from the electroplating and mining industries. Much effort is still needed
to achieve efficient Cr(V1) reduction in MFCs, particularly with regards to promoting
the interfacial interactions between the negatively charged cathode surface and the
negative functional group of Cr,0;* or CrO,*. This aspect is crucial for the
scaling-up of this technology.
Here Table 1

Species having the properties of displaying reversible redox reactions to function
as electron mediators, are potentially effective to eliminate the electrical repulsion
between the negatively charged cathode and Cr,0;% or CrO,* anions, and this is
essential to achieve enhanced Cr(VI) reduction. Solid-phase mediating species such
as rutile TiO, under light irradiation or conductive polymers of pyrrole/CIO, and
pyrrole/9,10-anthraquinone-2-sulfonate can facilitate the reduction of Cr(VI) in
MFCs [5,8]. However, the poor durability of the costly rutile and pyrrole, as well as
the undesirable environmental impact due to their dissolution over time may limit
these approaches for practical application. Compared to solid mediators, dissolved
electron mediators have the merit of reaching appreciable solubilities in agueous
media and thus can rapidly equilibrate the charges with the working electrode and the
final electron acceptors [20-21]. In the air cathode MFCs, the in-situ generation of
dissolved H,0O, mediates the reduction of Cr(V1) [6], although the unfavorable
oxygen reduction kinetics substantially affects system performance. An alternative

method includes the use of dissolved Fe(l11), as an environmentally benign and cost



effective mediator in MFCs. Fe(l11) promotes the electron transfer between the
cathode and either Acidithiobacillus ferrooxidans [22-23] or 2-nitrophenol [24] in
MFCs. However, the role that Fe(l11) could play in decreasing the electrode
overpotential has not been investigated and the mechanism of Fe(l1l) mediation has
not been systematically elucidated, particularly with regards to the reduction of
Cr(VI). The use of Fe(lll) and the exemplification of its role in the enhancement of
Cr(VI) reduction is not trivial since Fe(lll) often co-exists with Cr(VI) in the
wastewaters from the electroplating and mining industries [25].

In general, more efficient MFC performance is favored by lower electrode
overpotential and interfacial diffusional resistance. Larger electrode surface areas,
more efficient electrode catalysts and higher solution conductivities have been
frequently reported to decrease electrode overpotential in MFCs [26-28]. In parallel,
diffusional resistance in MFC anodes has been moderated by modification of the
anode surface with carbon nanoparticles [29] or with the addition of appropriate
amounts of a dye [30]. Whether or not Fe(lll) plays an effective mediating role
resulting in a decrease in both the diffusional resistance of Cr(VI) species and the
overpotential for Cr(VI) reduction in MFCs, is to our knowledge still scarcely
reported.

Here Fig. 1

A clarification of the relationships among Fe(l11), Cr(V1) and cathode electrons is

essential to explain the role of Fe(lll) as a mediating species in MFCs. High circuital

currents associated with low external resistances can provide an excess of electrons to



both the positively charged Fe(l1l) and the negatively charged Cr,0;* or CrO,*
anions, highlighting the benefit of electron transfer via Fe(lll) mediator (Fig. 1).
However, this mechanism cannot exclude the alternative prospect of direct electron
transfer between the cathode electrode and Cr,O;* or CrO4* ions, due to the
somewhat weak repulsive forces between the Cr,0;% or CrO,* and the limited
cathode electrons. Therefore, the role of these two competing routes for Cr(VI)
reduction in MFCs needs to be clarified.

In this study, the role of Fe(lll) supplied at different dosages and under various
external resistances was systematically explored as a mediating species for enhanced
Cr(VI) reduction in MFCs. The system performance was evaluated in terms of Cr(VI)
reduction, circuital current and cathodic coulombic efficiency (CEc,). The
relationships among Fe(l11), Cr(V1) and cathode charge were extensively elucidated
by linear sweep voltammetry (LSV), Tafel plot, cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). The role of Fe(ll) on the diffusional
resistance of Cr(V1) species and the overpotential for Cr(V1) reduction was
comprehensively disclosed. This study provides a new insight into the mechanisms

controlling electron transfer in MFCs operated for Cr(V1) reduction.

2 Materials and Methods
2.1 Reactor setup
Each MFC was made with two cylindrical cubic-shaped chambers housing the

electrodes and separated by a cation exchange membrane (CMI-7000 Membranes



International, Glen Rock, NJ). Duplicate reactors were used in all experiments. The
operational volumes were 15 mL in the anode and 13 mL in the cathode. The anode
was filled with graphite felt (Sanye Co., Beijing, China), and a carbon rod was used
as the current collector. The cathode was made with a carbon rod (CR, Chijiu
Duratight CarbonCo., China) with a projected surface area of 8 cm?, which was
connected to the circuit using a titanium wire. All materials used here were cleaned as
previously described [31] in order to avoid the adverse effects of Cr(\V1) reduction
products on system performance [32]. The anodic chamber housed a saturated
calomel reference electrode (SCE, 241 mV vs. a standard hydrogen electrode, SHE)
which monitored the anode potential, with all voltage showed here vs SHE. The
reactors were wrapped with aluminum foil to block light irradiation and the possible

growth of algae on the anodes.

2.2 Inoculation and operation

The anodes were inoculated with the effluent from acetate-fed MFCs and an
equivalent volume of nutrient solution as previously described [33]. The anodic
nutrient solution contained (g/L) sodium acetate 1.0, KH,PO, 4.4, K;HPO, 3.4,
NH,4CI 1.3, KCI 0.78, MgCl, 0.2, CaCl, 0.0146, NaCl 0.5, trace vitamins and
minerals [34]. The anolyte was replaced daily and the bioanodes were considered to
be well-developed when the anode potentials stabilized to —0.2 V (vs. SHE) at least
three batch cycles.

Various dosages of Fe(l1l) (analytical reagent of FeClz-6H,0, Sigma-Aldrich) of


http://www.sogou.com/link?url=DSOYnZeCC_qbflwkCr5PF35pTW_GIKtlAPJ2PFtiHCw.&query=sigma-aldrich

0, 50, 100 and 150 mg/L [25] were added in the reactors operated at an external
resistance of 1000 Q, to investigate the effect of Fe(lll) concentration on Cr(V1)
reduction. Multiple characterization approaches of LSV, Tafel plot and CV were used
to assess the influence of Fe(l11) dosage on Cr(VI) reduction. The MFCs were run for
an operation period of 16 h with a wider range of Fe(l1l) dosages of 25, 50, 75, 100,
125 and 150 mg/L, to establish the kinetics of Cr(\V1) reduction associated with
Fe(ll). Different external resistors of 10 , 500 Q, 1000 €, 3000 © and 5000 Q were
explored to examine the effect of an external resistance on Cr(V1) reduction. The
individual impendency of Cr(V1) reduction at different cathode potentials associated
with these different external resistances was analyzed using EIS.

Typical concentrations of Cr(VI) and Fe(l1l) in the wastewaters from the
electroplating and mining industries may vary over a wide range, from 0.4 to 270000
mg/L for Cr(VI) and 1.5 to 250 mg/L for Fe(l11) [25]. In consequence, this makes
difficulty to select a narrow range of Cr(\V1) and Fe(lll) concentrations to be used in
this study. In contrast, to the studies carried out with abiotic cathodes, typical
concentrations of Cr(\V1) used with biocathodes in MFCs (Table 1) are typically in the
lower range as a result of the potential toxicity exerted by Cr(V1) to the bacteria.
Therefore, unless otherwise stated, an initial Cr(\V1) of 50 mg/L and a Fe(l11) dosage
of 150 mg/L together with an external resistance of 1000 Q were always used in
subsequent experiments.

The long-term stability of Fe(lll) was assessed by running ten consecutive

cycles with each cycle lasting 10 h. At the end of each cycle, 150 uL of Cr(\V1) (5 g/L)



and 150 pL H,SO,4 (49 g/L) were added to the cathode compartment using a syringe
to produce the same initial Cr(\VI) concentration and the same initial pH for the
subsequent operation cycle.

Three control runs were operated: the first was run in the presence of Fe(l1)
under open circuit conditions (OCCs) as a control for Cr(\V1) reduction on the
electrodes in the absence of current. The second control was run in the absence of
Fe(I11) in the catholyte in OCCs to exclude the role of both Fe(ll) and circuital
current on Cr(V1) reduction. In the third control, the redox behaviour of the catholyte
in the absence of both Cr(VI) and Fe(lll) was analyzed to reflect the role of Cr(V1)
and Fe(l11) on the electrode reactions. The initial pH of the catholyte during the entire
investigation was set to 1.5 to inhibit the precipitation of ferric hydroxide at the
highest Fe(l11) dosage of 150 mg/L, otherwise observed at 2.0 and 2.5 (see
Supplementary Material (SM), Fig. S1). Solution conductivity was invariably
regulated to 8.45 mS/cm using K,SQO,4. Unless otherwise stated, each batch cycle
operation lasted for 3 h. All catholytes were sparged with ultrapure N, for at least 10
min before use and all reactors were run in fed-batch mode at room temperature (22 +

3°C).

2.3. Measurements and calculation
The cathode potentials and voltage across the external resistance were monitored
by an automatic data acquisition system (P1SO-813, Hongge Co., Taiwan). Current

density and power density were normalized to the cathode project area (A/m?). The



dissolved Cr(V1) and Fe(ll1) were determined according to standard methods [35].
LSV was conducted using a potentiostat (CHI 770c, Chenhua, Shanghai) at a scan
rate of 0.1 mV/s. Cr(V1) reduction at various Fe(lll) dosages was also studied using
Tafel measurement (CHI 770c, Chenhua, Shanghai) in the range of 0.75 — 0.95 V (vs.
SHE) with a scan rate of 1.0 mV/s, based on the open circuital potentials (OCP) of
the cathodes. EIS measurements were carried at the frequency of 100 kHz to 0.01 Hz
with a sinusoidal perturbation of 5 mV in amplitude. Both Tafel and EIS were
conducted in MFCs using the cathode as the working electrode, the anode as the
counter electrode, and a SCE electrode placed in the cathode chamber as the
reference electrode (241 mV vs. SHE). CV analysis was performed in a
three-electrode system consisting of a working electrode (cathode electrode), a
counter electrode (a platinum plate), and a SCE reference electrode (241 mV vs.
SHE). All potentials shown were corrected to a SHE.

The coulombic efficiency (CE;) at the cathode was calculated as the ratio of the
charges consumed for the reduction of Cr(V1) and the total charges flowing across the

MFCs, as shown in Eq. 1:

ocFACCr(V,)Vca1
CE, = 1)

10°M, Y 1At
i=1

with ACcyv1y the change of Cr(V1) concentration after 3 h, a (3 mol/mol) the number
of electrons required for Cr(V1) reduction, V¢, the operational volume of the cathode
chamber (L); I; the circuit current (A), Mc, (52 g/mol) the molecular weight of Cr, F

the Faraday’s constant (96485 C/mol e), 10° the conversion unit (mg/g) and t the



operation time of each cycle.
The Tafel equation describing the relationship between the cathodic
overpotential and the current density in the high overpotential region [36-37], was

expressed as EqQ. 2:

RT i
Heat = ﬁ Ioglo(g) (2)

with 74 the cathodic overpotential (V), R the ideal gas constant (8.31 J/mol K), T the
temperature (K), F the Faraday constant (96485 C/mol e™), 4 the symmetry factor (a
constant reflecting the change of activation energy with cathode potential), i the
current density and io the exchange current density, a variable parameter related to the

activation energy of cathodic reduction under equilibrium conditions.

3 Results and discussion

3.1 Reduction of Cr(VI)
Here Fig. 2

The reduction of Cr(VI) increased steadily in the presence of Fe(lll), reaching
65.6 + 2.2% with 150 mg/L Fe(l1l) in 3 h (Fig. 2A), which was 1.6-fold higher than
the conversion observed in the absence of Fe(l1l) (40.7 = 1.0%). Such result
illustrates the significant role played by Fe(l1l) in mediating the reduction of Cr(\V1).
Comparing these results with literature, the rate of Cr(VI) reduction (equivalent to 9.4
mg/L/h) observed in this study with 150 mg/L Fe(Il1) was 8.8 times higher than the
rate achieved at a higher initial Cr(\V1) of 200 mg/L after 4 h [9], even though

reduction rates are expected to increase in proportion to the initial concentration of



Cr(VI) [1]. In addition, the rate of Cr(VI) reduction observed in Fig. 2A was more
than one order of magnitude higher than those observed at an initial Cr(\V1)
concentration of 100 mg/L after 150 h [4] and at an initial Cr(\VI) concentration of
250 mg/L after 240 h, respectively [7].

The adsorption of Cr(V1) on the cathode ranged from 13.8 + 1.4 t0 15.1 + 0.1%
under OCCs at these Fe(l11) doses, demonstrating the negligible effect of Fe(lll) on
Cr(VI) adsorption, and reflecting the crucial role of the circuital current in Cr(\V1)
reduction. The average circuital current and CE, exhibited an increasing trend with
the concentration of Fe(lll), from 0.22 + 0.04 mA to 0.32 £ 0.00 mA and from 58.1 +
1.5% to 81.7 £ 2.8%, respectively (Fig. 2B and Fig. 2C). These results illustrate that
the presence of Fe(l11) as an electron mediator (i) diverted a higher fraction of
electrons from the anode to the cathode and (ii) utilized a higher fraction of cathodic
electrons for Cr(VI) reduction. The concentration of Fe(lll) in the cathodic chamber
decreased approximately from 6.7 £ 0.8% to 11.3 + 1.3% (Fig. 2D), which was
mainly ascribed to the adsorption of Fe(lll) species on the cationic exchange
membrane separating the chambers, since neither iron species nor Cr(VI) were
detected in the anodic chamber during one batch cycle operation. These values were
slightly lower than those under OCCs (7.3 £ 1.3% to 12.6 + 1.7%), since the iron
species adsorption and migration in the membrane were reduced by the positive direct
electric field. The absence of iron and Cr(V1) species in the anodic chamber during
one batch cycle operation, further excluded any potential effects on the

electrochemical activity of the anode, confirming their retention on the membrane.



3.2 Reduction of diffusional resistance and electrode overpotential
Here Fig. 3
Higher OCPs (Fig. 3A) and power densities (Fig. 3B) were observed at different

Fe(l11) dosages, compared to the results obtained in the absence of Fe(l1l), illustrating
the role of Fe(l1) in reducing the electrode overpotential for Cr(\V1) reduction.
\oltage output (Fig. 3A) and power density (Fig. 3B) at different Fe(l1l) dosages
similarly decreased sharply with an increase in the current density in the low values
region, implying the dominance of a diffusion control mechanism in this system [37].
The value of current density turning into diffusion control increased at higher Fe(l11)
dosage, from 0.25 A/m? (50 mg/L) to 0.28 A/m? (150 mg/L), which were higher than
0.22 A/m? measured in the absence of Fe(I11). The role of Fe(111) in diminishing the
diffusional resistance of Cr(V1) species in these MFCs was equivalent to that
observed with a concentration of Cr(V1) as high as 2600 mg/L in bioelectrochemical
systems operated in the absence of any electron mediator species [9].

The cathodic potentials at different Fe(l11) dosages similarly varied much more
significantly than the anodic potentials over the current density range investigated
(Fig. 3C), implying that the performance of these two-chamber MFCs was controlled

by the oxidation-reduction reactions at the cathode rather than at the anode.

3.3 Tafel plot
Here Fig. 4
Here Table 2



The MFCs performance was further evaluated with Tafel plots (Fig.4a) and the
corresponding active kinetic parameters (Table 2). Higher Fe(l11) dosages decreased
the diffusional resistance of Cr(VI) species (Fig. 4A) and the electrode overpotential
for Cr(VI) reduction (Fig. 4B) at a same current density. This behavior well explained
the improved circuital currents (Fig. 2B) and the subsequent Cr(V1) reduction (Fig.
2A) at various Fe(l11) dosages.

According to Eq. 2, the Tafel slope (RT/SF) decreased in the presence of
increasing concentrations of Fe(l1l) (Table 2), consistent with the reduction of the
cathode electrode overpotential at constant current density (Fig. 4B). The symmetry
factor = 0.29 calculated from the Tafel slope in the absence of Fe(l1l) (Table 2), was
slightly lower than the value for oxygen reduction (5 = 0.3) on platinum electrode
[36]. At < 0.5 the activation energy to bring the electron acceptor to an activated
state, required for exchanging electrons with the cathode, is very high [36]. Such low
value of f observed in the absence of Fe(lll), demonstrates an equivalent difficulty, as
for the reduction of oxygen [36], in performing Cr(V1) reduction, despite the higher
standard redox potential of 1.33 V for Cr(VI) reduction and 1.23 V for oxygen
reduction [38]. The highest § of 0.37 together with an improvement of 70% in the
exchange current density was obtained at the highest Fe(l11) dosage of 150 mg/L
(Table 2). These results strongly illustrate the mediating role of Fe(l1l) in decreasing
the activation energy for the reduction of Cr(\V1), which results in enhanced reduction

rates in MFCs (Fig. 2A).



3.4 Relationships among Cr(V1), Fe(l11) and cathode electrons
Here Fig. 5

CV showed that the reductive peak current was lower and the reductive peak
potential was more positive in the co-presence of Cr(VI) and Fe(l1l), compared to the
control with Cr(VI) only (Fig. 5A). This result implies the occurrence of indirect
reduction of Cr(V1) in the presence of Fe(lll) (Fig. 1). The reduction of Cr(V1) on
iron electrodes, has been reported to have lower reductive peak currents at higher
Cr(VI) concentrations due to the occurrence of a higher rate of chemical reduction of
Cr(VI) as a result of the Fe(Il) leaching from the iron electrode [2]. The shape of the
CV patterns in the co-presence of Cr(VI) and Fe(l11) was very similar to that
observed with Fe(l1l) only (Fig. 5A), and this phenomenon was invariably the same
at higher Fe(l11) dosages of 100 mg/L (Fig. 5B) and 150 mg/L (Fig. 5C). In
consequence, Fe(l11) at all dosages was overwhelmingly superior to Cr(V1) to directly
acquire cathodic electrons, which implies that the reduction of Cr(VI) occurred via
indirect Fe(l11) mediation mechanism, rather than through electrons directly accepted
from the cathode.

The reductive peak potentials shifted to more negative values with an increase in
Fe(111) dosages, from 0.17 V (50 mg/L) to 0.06 V (150 mg/L), which was associated
with the increase in the reductive peak currents from 4.5 A/m? to 16.9 A/m? (Fig. 5A,
B and C). These results further demonstrate a decreased diffusional resistance of
Cr(V1) species in the presence of increasing concentrations of Fe(lll), consistent with

results in Figs. 3 and 4.



3.5 Effect of external circuital resistance
Here Fig. 6

In the presence or in the absence of Fe(l11), both Cr(VI) reduction and circuital
current similarly decreased as the external circuital resistance was increased (Fig. 6A
and B). However, the circuital current density decreased to a greater extent than the
reduction of Cr(V1), which resulted in an increase in CEc, (Fig. 6C and Eqg. 1). The
higher CE., observed in the presence of Fe(l1l) rather than in its absence, at an equal
external resistance, indicates that Fe(l11) mediated supplementary cathodic electrons
for Cr(VI) reduction. In consequence, a smaller fraction of electrons accumulated on
the cathode and this resulted in higher cathode potentials at higher external
resistances (Fig. 6D).

Here Fig. 7

EIS was further used to analyze the effect of external resistance on Cr(V1)
reduction in the presence and in the absence of Fe(lll). In the low frequency region,
higher impendencies were observed at lower external resistances regardless of the
presence or absence of Fe(lll) (Fig. 7A and D), demonstrating that cathodic Cr(V1)
reduction was controlled by diffusion resistance of this species. The presence of
Fe(111) always decreased impendency at low frequencies of 0.1 — 0.01 Hz under
various external resistances (Fig. 7A), implying the decreased diffusional resistance
of Cr(VI) species. Low external resistance was associated with large phase angle and
high electrical capacity in the presence (Fig. 7B) or absence (Fig. 7E) of Fe(lll).
Diminished phase angles occurred under various external resistances (Fig. 7B),

compared to the situation observed in the absence of Fe(lll) (Fig. 7E), stressing the



critical role of Fe(lll) in decreasing diffusional resistance of Cr(\V1) species (hamely
no-Faraday current). The less no-Faraday current, the more favorable Cr(VI)
reduction and the subsequent higher CE, (Fig. 6C).

Nyquist plots based on EIS spectra fitted to equivalent circuits (Fig. S2) were
used to identify the components of the internal resistances in the cathode at different
external resistances. In all cases, smaller diffusional resistance was invariably
obtained in the presence of Fe(lll), compared to the controls in the absence of Fe(lll)
(Table S1), further confirming the role of Fe(lll) in decreasing diffusional resistance

of Cr(VI) species.

3.6 Modeling of Cr(VI) reduction as a function of Fe(l1l) dose
Here Fig. 8
Table 3
Experiments at different Fe(l11) dosages were performed to investigate the
kinetics of Cr(V1) reduction and the reaction rate order (Fig. 8A). The results, in the
presence or in the absence of Fe(lll), were well described by a pseudo first-order
model (Eq. 3) (Fig. 8B):

Inc =k, t+Inc, 3
with ¢ the concentration of Cr(VI) (mg/L), kos the pseudo first-order rate constant
(1/h), t the operation time (h) and ¢, the initial Cr(\V1) concentration (mg/L). The
slope values kops and the coefficient of determination R? from the linear fitting of Inc
versus time are shown in Table 3. The rate constants were described as a function of

Fe(111) dosage:



Kops = 3%10°cZ,, +0.001c,,,, +0.125R? =0.997 (4)
with ceeqiy the Fe(l111) dosage (mg/L). These modeling equations may be used to
predict the concentration profile of Cr(V1) in the presence of varying Fe(lll) dosages

in the present MFCs.

3.7 Long-term stability
Here Fig. 9

The long-term stability of Fe(l11) mediating species in the MFCs was evaluated
by performing consecutive batch Cr(V1) reduction cycles using a Fe(l11) dosage of
150 mg/L, and with each operational cycle extended to 10 h. The reduction of Cr(VI)
marginally decreased from 98.3 £ 2.5% in the first cycle to 93.4 + 1.6% after the
tenth cycle (Fig. 9A). The circuital currents decreased from 0.29 + 0.03 A/m? at 1%
cycle to 0.24 + 0.02 A/m? at 10" cycle (Fig. 9B) whereas the maximum power
density decreased by 36% over time (Fig. 9D), mainly ascribed to the loss of Fe(lll)
(Fig. 9C). The loss of Fe(l11) resulted from the progressive adsorption on the cationic
exchange membrane separating the chambers as explained in Fig. 2D. The points of
current density turning into a diffusion control regime diminished from an initial 0.28
A/m?to 0.22 A/m? at 10" cycle (Fig. 9D), implying an increase in diffusional
resistance of Cr(V1) species over time. This result was in accordance with the LSV
tests, where the diffusion resistance increased with the decrease in Fe(l11) dosage (Fig.
3).

In summary, the comprehensive results presented in this study through multiple



characterization methods demonstrate the significant role of Fe(lll) as a mediator in
MFCs for the reduction of Cr(V1) and the critical role played by Fe(lll) in decreasing
the diffusional resistance of Cr(V1) species and the overpotential for Cr(VI) reduction.
The conversion of Cr(V1) and the CEg, in the presence of Fe(lll) were 1.6 times and
1.4 folds, respectively, as those recorded in its absence. In terms of Fe(l1l) mediating
mechanism, this decreasing diffusional resistance of Cr(VI) species and the lower
overpotential for Cr(VI) reduction as verified in this study, have been overlooked in
previous studies [22-24]. Thus, this study provides a deeper insight into these
controlling mechanisms which enhances our understanding and the performance of
MFCs as an efficient technology for Cr(V1) reduction.

Practical implementation of this technology for industrial wastewater treatment
requires further pilot and full-scale studies to evaluate the long-term operation and
stability of the MFCs system over a feed with fluctuating characteristics and the
process economics. The components with a relatively high cost in MFCs include the
catalyst immobilized on the electrode and the membrane [39-41]. Although the prices
of these materials are steadily decreasing [40-42], further studies are needed to raise

the technology readiness level for industrial applications.

4 Conclusions
In this study, Fe(l11) as an electron shuttle mediator was used for the first time to
enhance the reduction of Cr(VI) in MFCs. The rate of Cr(V1) reduction reached 9.4

mg/L/h (65.6 £ 2.2%) at a Fe(l11) dosage of 150 mg/L, which was 1.6-fold higher



than the rate observed in the absence of Fe(l1l). The mechanism of Cr(VI) reduction
primarily occurred via an indirect electron mediation by the Fe(ll1)/Fe(ll) couple,
which, in turn, further decreased both the diffusional resistance of the Cr(VI1) species
and the overpotential for Cr(V1) reduction. Since Fe(lll) and Cr(V1) are extensively
detected in the wastewaters of the electroplating and mining industries, this study
provides an alternative environmentally benign approach for efficient remediation of

Cr(VI) contaminated sites with simultaneous production of renewable energy.
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Figure and Table legends

Fig. 1 Reduction of Cr(V1) via either indirect electron transfer of Fe(lll) mediation or
direct electron transfer between cathode electrode and final electron acceptor of
Cr(VI).

Fig. 2 (A) Cr(V1) reduction, (B) current density, (C) CEc,, and (D) loss of Fe(lll) as a
function of Fe(l11) dosage in MFCs after 3 hours of operation.

Fig. 3 (A) Voltage output, (B) power density, and (C) cathode and anode potentials

under various Fe(l11) dosages as a function of current density.

Fig. 4 Tafel plots of (A) log current density vs. cathodic potential, and (B) cathodic
overpotential vs. log current density for the estimation of Tafel slop and
exchange current for Cr(V1) reduction at various Fe(lll) dosages.

Fig. 5 Comparison of CVs in catholytes at Fe(l11) dosages of (A) 50 mg/L, (B) 100

mg/L and (C) 150 mg/L.

Fig. 6 Effect of external resistance on (A) Cr(V1) reduction, (B) circuital current, (C)

cathode potential, and (D) CEc, in the presence or absence of Fe(lll).

Fig.7 Comparison of EIS spectra for the cathode at different cathodic potentials
corresponding to various external resistance in the (A, B and C) presence or (D,
E and F) absence of Fe(l11) using (A and D) logarithm of impendence modulus,
(B and E) phase angle versus the logarithm of frequency, and (C and F) nyquist
plots.

Fig. 8 Time course of (A) Cr(VI) reduction and (B) Ln Cr(\V1) concentration in the
presence of various Fe(ll) dosages.

Fig. 9 (A) Cr(VI) reduction, (B) current density, (C) Fe(lll) concentration vs. number
of cycle, and (D) polarization curves at the 1% and 10" cycle.
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Table 1 Summery of literature on Cr(V1) reduction in MFCs.

Table 2 Values of Tafel slopes and exchange currents for Cr(V1) reduction at various
Fe(Il) dosages.

Table 3 Pseudo-first-order reaction rate constants and correlation coefficients for
Cr(VI) reduction at various Fe(lll) dosages in MFCs.



Table 1 Summery of literature on Cr(V1) reduction in MFCs.

Reactor Cr(VI) Electrode Mediator Initial Initial Operation  External Cr(VI) Cr(VI) References
reduction material Cr(VI) pH time resistor removal rate  removal
site (mg/L) (h) Q) (mg/L/h) (%)
two abiotic graphite paper  none 50 2.0 9 1000 5.46 98 [3]
chamber cathode
two abiotic graphite plate  none 100 2.0 150 1000 0.67 100 [4]
chamber cathode
carbon paper 4.79 86
carbon felt 2.26 41

two abiotic graphite rutile 26 2.0 22 5000 1.04 88 [5]
chamber cathode

none 0.77 65
two abiotic carbon felt H,0, 10 2.0 4 500 2.50 100 [6]
chamber cathode

none 12 0.35 43
two abiotic carbon fiber  none 250 2.0 240 1000 0.79 75 [7]
chamber cathode
two abiotic graphite felt pyrrole/CIO4 20 7.0 46 300 0.37 85 [8]
chamber cathode

pyrrole/anthraqui 0.44 100

none-2-sulfonate

none 0.14 33
two abiotic carbon cloth none 200 2.0 60 none 0.47 14 [9]
chamber cathode
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Table 2 Values of Tafel slopes and exchange currents for Cr(V1) reduction at various
Fe(111) dosages.

Fe(lI1l) dosage

0 50 100 150
(mg/L)

Tafel slope 89.9 82.2 76.9 68.9
(mV/(decade A/m?)) ' ' ' '
B 0.29 0.31 0.33 0.37

Exchange current (A/m?) 2.70x10° 3.22x10° 4.02x10° 4.60 x 107




Table 3 Pseudo-first-order reaction rate constants and correlation coefficients for
Cr(V1) reduction at various Fe(l1l) dosages in MFCs.

Fe(lI11) dosage

0 25 50 75 100 125 150
(mg/L)

Rate constant k (h™) 0.127 0.148 0.180 0.207  0.247 0.292 0.322

R2 0.991 0.996 0.993 0.997  0.990 0.995 0.993




reference
electrode

resistor

Fe(IIl): (11T
CO,+H"
= Fel) )
in the presence of Fe(IIT)
Cr(VI)
organic /
substrates (111
in the absence of Fe(III)
anode chamb b cathode chamb.




-
o

80




—
(8]

A
1.0
S 0.8 | —Omg/L
‘g ) —50mg/L
Zo06 L 100 mg/L
VR [e—150mg/L,
Zo4 |
2
02 r
0.0
0.25
B
== —0mg/L
4020 P——50mg/L
= ——100 mg/L
€15 |—150mg/
2
2010 |
2
£ 005

0.0 0.1 0.2 0.4
Current density (Am‘)



J S =)

lg(current density, A/m?)

'
Y

e o o ~1 =]
vy Y O w O

Cathodic overpotential (mV)

w
3

I ~0mg/L
©50mg/L
| ©100 mg/L o8
0150 mg/L A

0.80 0.85 0.90
Potential (V vs SHE)

0.95

L o50mg/L
<100 mg/L
| 0150 mg/L

~0mg/L

25

20 1.5
lg(current dens:ty A/m?)

-1.0



[ £
S =)

=]

Current density (A/m?) o Current density (A/m?)
o

[
S

'
o

=]

Current density (A/m?)
[
S

(]
=1

A

—Cr(VD) onl
——Fe(IIl) only
F——Cr(VD+Fe(D)

[ —no Cr(V' D and Fe(III) control

B

—Cr(VI) only
——Fe(IIl) only

L —CrG’%+FeGID

[ ——no Cr(VI) and Fe(III) control

c

Cr(VI) only
——Fe(III) only
[——Cr(VD)+Fe(II)

| —no Cr(V1) and Fe(lII) control

-0.1 0.1 03
Potential (V vs SHE)




T,

500© 1000Q 3000Q 5000Q
10Q  500Q 1000Q 30009 5000

g% Sossseese 63
3§ B T
ao a m
3333333393
G007
f333333333334 ©
NS 2777777777777 e
© 4 3 2 - o » 6 4 2 0 ~
- o )
A C:r SA Z _S:_Bcr_ o_#:_,r)

SFe(ID
Hcontrol

10Q  500© 1000Q 3000Q 5000Q
10Q  500Q 1000Q 30002 50009

o o o o o
° ¥
(%) B0

00
8
o

?\L :o:o:_%: C>VS



Fitresults Fitresults
° 10Q--02V ° 10Q--02V
4 500Q-0.0V & 500Q--0.1V
o 1000Q-0.1V o 1000Q-0.0V
3000Q-0.5V 3000Q-0.3V

5000Q-0.7V

5000Q-0.6 V

1 2 3 4 5 2 -1 0 2 4 5
Ig(Frequency/Hz) lg(}" requency/%-{ z)

Fitresults 40 — Fitresults

g-35 ° 10Q--02V 3 ° 10Q--02V
& s 500Q-0.0V £ 5 500Q--0.1V
~ s o 1000Q-0.1V =30 o 1000Q-0.0V
) 3000Q- 0.5 V 2 3000Q- 0.3 V
£ 5000Q- 0.7V £20 5000Q-0.6 V
2-15 2
2 £
o ~.10

S ltzél‘reqlznency,3 Hz) ?

Fitresults
° 10Q--02V
0 100 300 400



Cr(VI) reduction (%)

—><25mg/L
——50mg/L

75 mg/L
~#—100 mg/L
—+—125 mg/L
—5-150 mg/L




(Ui Ausuop 1omo

“w o “w o
QoA S S
s o s o

1 0.15
4 0.10

—First cycle
——Tenth cycle

04

03

3456 7 8 910
Number of cycle

2

1

4 567 8910

Number of cycle

0.1 0.2
Current density (A/m?)

0.0

2345678910
Number of cycle

1



