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Abstract

The microbial fuel cell coupled constructed wetland (CW-MFC) was used for treatment sewage and simultaneously generating
electricity. The main aim of this study was to explore the optimal conditions for the treatment of hexavalent chromium (Cr (VI))
wastewater by the CW-MFC system. The performance of CW-MFC in removing Cr (VI) and chemical oxygen demands (COD)
contained in wastewater and its electricity generation were studied. Electrode spacing, Cr (VI) and COD concentration, and
hydraulic retention time (HRT) had certain effects on the performance of CW-MFC. For the electrode spacing of 10 cm, the highest
power density of 458.2 mW/m® could be obtained with the influent concentration of Cr (VI) (60 mg/L) and COD (500 mg/L). The
highest Cr (VI) and COD removal rate were obtained with the HRT of 3 days. Compared with CW system, the electrical energy
generated in CW-MFC was beneficial to improving the removal efficiency of COD and Cr (VI). Thus, the results confirmed that
CW-MFC is a promising technology to remove Cr (VI) from wastewater and achieve bioelectricity production simultaneously.

Keywords Microbial fuelcell - Constructed wetland - Chemical oxygendemands - Chromium (V1) - Electrode spacing - Hydraulic
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Introduction

The heavy metal chromium is widely utilized in the industrial
process, including electroplating, leather tanning, aerospace,
nuclear reactors, shipbuilding, steel fabrication, and pigment
manufacturing; therefore a lot of chromium wastewater is pro-
duced inevitably (Cheng et al. 2019; Malaviya and Singh
2011). Chromium species are usually existed in the form of
hexavalent chromium (Cr (VI)) and trivalent chromium (Cr
(IIT)) in wastewater. A small amount of Cr (IIT) is an essential
nutrient for humans that can help the body use sugar, protein,
and fat, while Cr (VI) is extremely toxic toward all organisms
due to its high solubility and migration in water (Gupta et al.
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2001). Therefore, the World Health Organization (WHO) has
regulated that the threshold value of Cr (VI) in industrial
wastewater should be less than 0.1 mg/L due to the potential
hazards of all Cr (VI) compounds. Cr (VI) can enter into the
human body mainly through breathing, skin contacting, and
drinking water, which can be kept for a long time in the eco-
system due to non-biodegradability and cause cancer even
death (Espinoza-Sanchez et al. 2019). Thus, the US
Environmental Protection Agency (USEPA) stipulates that
the maximum pollution concentration of hexavalent chromi-
um in domestic water should not exceed 0.05 mg/L. Hence, it
is important to explore an effective treatment method for
wastewater containing Cr (VI). Conventional treatment
methods for chromium-contaminated wastewater include ad-
sorption, precipitation, chemical reduction, membrane separa-
tion, ion-exchange, and biological (Barrera-Diaz et al. 2012;
Sharma and Weng 2007). However, these technologies have
some intrinsic shortcomings, such as excessive consumption
of chemicals, high cost, and secondary pollutants.

Currently, microbial fuel cell (MFC) has shown a remark-
able promotion on the efficient removal of Cr (VI) and elec-
tricity generation. Wang et al. (2008) were the first to use MFC
to achieve the cathode reduction of Cr (VI) and simultaneous
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power generation. Cr (VI), as an electron acceptor of MFC
cathodes, can recover metal resources, reduce operating costs,
and dramatically improve environmental benefits (Li et al.
2018b; Li et al. 2008; Song et al. 2016). Nevertheless, MFC
have the deficiencies of small treatment scale and difficult
application in practice. The emergence of microbial fuel cell
coupled constructed wetland (CW-MFC), a new technology
by embedding MFC into constructed wetland (CW), has
attracted the attention of researchers. The presence of redox
potential gradient in the CW system can be well coupled with
MFC (Yadav et al. 2012; Oodally et al. 2019). An improve-
ment in the ability of water treatment and power generation
performance on the microbial fuel cell can be obtained by
CW-MEFC system, but it is still in the infant stage of develop-
ment. At present, most of the studies on CW-MFC system are
in the laboratory scale for treating kinds of wastewater. Zhao
et al. (2013) constructed two lab-scale CW-MFC systems,
which operated in continuous flow mode and batch mode of
for treating the swine wastewater containing high-
concentration organic. Xu et al. (2018) reported a lab-scale
CW-MFC with multiple bio-cathodes for increasing energy
production and enhancing simultaneous N removal, owning
to the reduction of energy losses on electrodes and the inter-
action between bioelectrical generation and nitrification and
denitrification process. CW-MFC was also applied to remove
the heavy metal of Zn (II) from wastewater via the electro-
chemical reduction reaction in cathode (Wang et al. 2020). In
addition, a few researches have conducted CW-MFC system
in pilot-scale. Villasefior Camacho et al. (2017) constructed a
pilot-scale horizontal subsurface flow CW-MFC, which could
operate in high salinity (< 9.5 g/L) for contaminant removing
and simultaneous electricity generation. Moreover, a pilot-
scale system of CW-MFC was studied in treating domestic
wastewater COD which was collected from the outlet of an
anaerobic primary treatment, confirming the potential practi-
cal application of CW-MFC (Corbella et al. 2019). Whereas,
the low-power output still limited the application of CW-
MEFC. To effectively utilize the electrical energy generated
by CW-MFC system, a system biofilm electrode reactor
(BER) coupled with CW-MFC was constructed and laid the
foundation for further practical application of CW-MFC (Li
et al. 2018a; Zhang et al. 2018). Therefore, the CW-MFC is
rapidly developing and shows the potential of large-scale ap-
plication, owing to its high-efficiency and low cost in remov-
ing organic pollutant, total nitrogen, heavy metal and other
contaminants from wastewater, and simultaneous power gen-
eration. Furthermore, CW-MFC system is expected to be ap-
plied in removing chromium from water.

It is well known that both MFC and CW systems have been
studied for removing the heavy metals of Cr (VI) from waste-
water (Hadad et al. 2018; Sinha et al. 2017; Sultana et al.
2015; Srivastava et al. 2020). However, to our best knowl-
edge, there are rarely about removing Cr (VI) in wastewater

via the CW-MFC system. Hence, CW-MFC was proposed to
remove Cr (VI) through bioelectrochemical reduction, adsorp-
tion on substrate, and the comprehensive effect of microor-
ganisms in this work. In order to reduce the influencing factors
and the complexity of the experiment, no plants were planted
in the CW-MFC system in this study. The electric energy is
conducive to the removal Cr (VI); hence, to balance the re-
moval Cr (VI) and electricity generation, the effects of elec-
trode spacing, influent concentration of COD, and Cr (VI) and
hydraulic retention time (HRT) were investigated in this ex-
periment. The performance of the unplanted CW-MFC system
was explored in different conditions, revealing the bio-
electricity production and the effects of removal Cr (VI) in
CW-MFC.

Materials and methods
CW-MFC construction

The up-flow CW-MFC reactors were constructed in the
polyacrylic plastic cylinder with the internal diameter of
18 cm and the height of 52 cm to simulate unplanted
CW-MFC (Fig. 1). There were six layers from the bottom
to the top in CW-MFC system, which composed of a
gravels layer (3 cm in thickness), a bottom layer
(14 cm in thickness), an anode layer (8 cm in thickness),
a middle layer, a cathode layer (8 cm in thickness), and a
top layer. The role of the gravel layer (4—6 mm in diam-
eter of gravel) was to improve the distribution of waste-
water in the system. The bottom, middle, and top layers
were filled with volcanic cinder (3—5 mm in diameter) as
the main media material. The anode and cathode were
made by granular activated carbon (GAC, 3-5 mm in
diameter with a specific surface area of about 900 m?/g)
and 12-mesh stainless steel mesh (4 cm in thickness and
16.9 cm in diameter). The stainless steel mesh as the
electron collector was embedded into the activated car-
bon layer (Fang et al. 2013). The anode and cathode were
connected with external 1000 €2 resistance to form a cir-
cuit by copper wires. In order to investigate the effects of
electrode spacing on wastewater treatment efficiency and
electricity generation, four CW-MFC systems were de-
signed, and the distance between anode and cathode
was varied among 5, 10, and 15 cm by adjusting the
position of cathode layer. At the same time, another re-
actor with the electrode spacing of 10 cm was operated
under an open circuit as control.

Inoculation and synthetic wastewater

Activated sludge was collected from the secondary sedi-
mentation tank of the Haibo River Wastewater Treatment
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Fig. 1 Configuration of microbial
fuel cell coupled unplanted
constructed wetland (CW-MFC)
system

Synthetic
wastewater

Plant (Qingdao, China), and it was used as original inoc-
ulum of the CW-MFC system. Each reactor system was
inoculated with the sludge for 2 months prior to the ex-
perimental startup. During the cultivation of microorgan-
isms, glucose (500 mg/L) was added to the solution as a
carbon source for anaerobic sludge. After inoculation, the
synthetic wastewater containing glucose was continuous-
ly pumped into the reactors by the peristaltic pump
(BT100-1 L, Baoding Longer Precision Pump Co., Ltd.,
China) from the bottom and then discharged from the top
of reactors, and the synthetic wastewater containing Cr
(VI) was supplied to the reactors during the experiment
period. The main composition of the synthetic wastewater
is shown in Table 1. It was stored in a 25 L tank and
renewed every 2 days. Besides, the COD and Cr (VI)
concentrations varied by glucose and dichromate concen-
tration, respectively. The pH value of the synthetic waste-
water was 6.5-7.1. After the experimental study of the
electrode spacing, the later experiments operated in the
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Analytics and calculations

In the experiment period, samples were taken from water inlet
and outlet. The concentrations of COD and soluble Cr (VI)
content in wastewater samples were measured. The soluble
COD was measured using dichromate method. The COD re-
moval rate (§cop) was calculated by Eq. (1):

(COD;,—COD,,;)

cob, x 100% (1)

dcop =
where COD;, and COD,, represent the influent COD concen-
tration (mg/L) and the effluent COD concentration (mg/L),
respectively.

Soluble Cr (VI) content was analyzed by 1,5-
diphenylcarbazide spectrophotometric method. The Cr (VI)
removal rate (dcvr)) Was calculated by Eq. (2):

(Cr(VI)in_Cr(VI)out)

electrode spacing of 10 ¢m reactor and the control dervry = Cr(VI), x 100% (2)
reactor. "
Table 1 Composition of
synthetic wastewater Reagent Concentration (mg/L) Reagent Concentration (mg/L)
Glucose 500.0 NH,CI 133.7
K,Cr,0; 113.15 CaCl, 15.0
KNO; 252.5 FeCls-6H,0 1.0
NaH,PO,4 497.0 MnSO4-H,O 28.0
Na,HPO, 275.0 CoCly'6H,0 0.24
NaCl 330.0 Na,MoO,2H,0 0.04
NaHCO; 336.0 ZnS0,4 TH,0 0.12
MgSO, 7H,0 200.0
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where Cr (VI);, and Cr (V)4 represent the influent Cr (VI)
concentration (mg/L) and the effluent Cr (VI) concentration
(mg/L), respectively.

The cell voltage (U) across the 1000 €2 external resistance
was automatically collected every 5 min by a data acquisition
device (USB DAQ-680i, Suzhou Aumanyu Intelligent
Technology Co. Ltd., China). The power density was calcu-
lated by the anode volumetric power density (P, W/m?) as:

U2

= (3)

I
P=U -—
YA (R-A)

where U is the voltage (V), R is the external resistance (£2),
and A is the anode effective working volume (m>).

The external resistance was varied from 10 to 100,000 €2
for investigating the power density and polarization curve.
The power density curve and polarization curve can be ap-
plied to evaluate the electricity generation performance. The
internal resistance (Rj,,) of the CW-MFCs was calculated by
the linear region of polarization curve.

Scanning electron microscope

The scanning electron microscope (SEM, JSM-6700F, JEOL,
Japan) was used to observe the morphologies of the electrode
biofilm patterns taken from anodes and cathode of the CW-
MFC. The samples were collected from anode and biocathode
as the CW-MFC system operating stably and processed as the
following steps. The samples were fixed in 2.5% glutaric
dialdehyde (pH = 6.8) for 2 h, and then taken out and rinsed
three times (15 min each time) in 0.1 mol/L phosphate buff-
ered solution (PBS, pH =7.0). Thereafter, the samples were
dehydrated with gradient ethanol solutions (25, 50, 75, 95, and
100%) each for 15 min and 1:1 mixture of 100% ethanol and
isopentyl acetate for 30 min. Finally, the samples were im-
mersed in pure isopentyl acetate for 2 h and dried by a freeze
drier.

Results and discussion

Effects of electrode spacing on wastewater treatment
and electricity generation

The electrode spacing is one of the key factors in wastewater
treatment of CW-MFC system. The influences on the removal
rate of Cr (VI) and COD by changing the distance between the
bottom of cathode and top of anode were investigated when
the initial concentration of Cr (VI) and COD were 40 mg/L
and 500 mg/L, respectively (Table 2). The Cr (VI) removal
rates were 90.2%, 93.4%, and 92.4%, respectively at the elec-
trode spacing of 5 cm, 10 cm, and 15 cm. Besides, the lowest
removal rate of 83.1% was observed in the control reactor,

indicating that the microorganisms acting as biocatalysts
could use protons and electrons from the anode for Cr (VI)
reduction in the cathode (Tandukar et al. 2009; Wu et al.
2015). The COD removal rates were 84.9%, 88.3%, 86.9%,
and 83.8% at the spacing of 5 cm, 10 cm, 15 cm, and the
control group, respectively. The overall COD removal rate
was relatively high, owing to the easily degradable character-
istic of glucose organic matter. The removal rate of the control
group was slightly lower than other groups. This might be due
to electricity generation could promote organics degradation
(Doherty et al. 2015).

Studies have shown that microorganisms acting as biocat-
alyst could oxidize carbon sources to promote electricity gen-
eration. The surface morphologies of virgin activated carbon
and biofilm of electrodes can be observed from the SEM im-
ages (Fig. 2). The virgin activated carbon had a protuberance
and rough surface, which created a beneficial living condition
for bacterial growth. Comparing with the virgin activated car-
bon, biofilm was formed on the surface of the anodes and
biocathode electrode. Hence, there was a stable operation of
the CW-MFC system during the experiment.

To explore the effects of electrode spacing on the bioenergy
output, electrical performance was conducted. The highest
power density of 441.4 mW/m® was obtained at the electrode
spacing of 10 cm, and the maximum power densities were
422.7 mW/m® and 272.8 mW/m? for the electrode spacing
of 5 cm and 15 cm, respectively (Fig. 3). The electrode spac-
ing had a certain impact on electricity generation performance
of CW-MFCs. The voltage also increased initially, and then
decreased with the increasing of electrode spacing.
Meanwhile the internal resistance increased with increasing
electrode spacing, the corresponding internal resistances were
144 © (5 cm), 150 ©2 (10 cm), and 261 €2 (15 cm). Although
the internal resistance was minimum with the electrode spac-
ing of 5 cm, it would cause oxygen diffusion to the anode area
and damage the anaerobic condition (Fang et al. 2017; Logan
etal. 2006). Too small electrode spacing caused that the partial
electrons were directly used by microorganisms in the anode
without passing through the external circuit, resulting in lower
power output (Xie et al. 2018). For the electrode spacing of
15 cm, the voltage value and power density were reduced due
to the increase of internal resistance. Considering the perfor-
mance of wastewater treatment and electricity generation, the
electrode spacing of 10 cm was the suitable spacing and ap-
plied in the subsequent experiment.

Effects of Cr (VI) concentrations on wastewater
treatment and electricity generation

Cr (VI) removal using the biocathode CW-MFC was tested at
different initial Cr (VI) concentrations (Fig. 4a). For the influ-
ent Cr (VI) concentration increased from 20 to 100 mg/L, the
Cr (VI) removal showed a decrease trend. More than 96% Cr
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Table 2 Performance of CW-

MFCs under different electrode Electrode Cr (VD removal CODremoval  Voltage Internal Maximum power
spacing spacing (cm) rate (%) rate (%) (mV) resistance (€2)  density (mW/m>)
5 90.2 86.9 551.7 144 4227
10 93.4 88.3 573.4 150 4414
15 92.4 84.9 512.0 261 272.8
Control group 83.1 72.8 - - -

(VI) was removed at an influent Cr (VI) concentration of
20 mg/L. For the influent Cr (VI) concentration increased to
60 mg/L, the Cr (VI) removal could still be up to 90%. After
further increasing the Cr (VI) concentration to 80 mg/L, the Cr
(VI) removal rate had a slightly decrease. However, with in-
creasing the concentration of Cr (VI) to 100 mg/L, the Cr (VI)
removal rate decreased to 74.3%. The COD removal trend
increased firstly and then decreased, and the high concentra-
tion of Cr (VI) was not conducive to the removal of COD (Fig.
4b). The microorganisms present in CW-MFC have a certain
tolerance to Cr (VI), but high concentrations of Cr (VI) were
toxic to microorganisms (Cervantes et al. 2001). Additionally,
both the Cr (VI) and COD removal in control group of CW-
MFC were significantly lower than that of closed circuit group
of CW-MFC. It indicated that the closed circuit of CW-MFC
could promote the removal of Cr (VI) and COD.

The polarization curve and power density curve showed
electricity generation performance under different Cr (VI)
concentrations in Fig. 5. The voltage and power density firstly
increased and then decreased with the increase of Cr (VI)
concentration. When the concentration of Cr (VI) was
60 mg/L, the highest voltage and maximum power density
were 588.2 mV and 458.2 mW/m?>, respectively. The presence
of Cr (VI) had a positive impact on the power generation. Cr
(VI) could obtain electron which produced by oxidizing or-
ganic matter and ammonia nitrogen to promote the electricity
generation (Wang et al. 2020). Although many microorgan-
isms that could reduce Cr (VI) to the trivalent form have a
certain tolerant to Cr (VI), a high concentration of Cr (VI) is
still toxic to microorganisms. Therefore, excessive concentra-
tion of Cr (VI) could inhibit the activity of bacteria due to its
high toxicity, resulting in a decrease in power density

(Vaiopoulou and Gikas 2012). Considering the performance
of the removal rate and electricity generation, the Cr (VI)
concentration of 60 mg/L was the suitable concentration and
applied in the subsequent experiment.

Effects of COD concentrations on wastewater
treatment and electricity generation

To investigate the effects of organic loading amount on waste-
water treatment and electricity generation, the performance of
CW-MFC with COD concentration range from 0 to 1000 mg/
L was recorded. The Cr (VI) removal rate of control group
was significantly lower than that of 10 cm group. The Cr (VI)
removal rate of 10 cm group increased from 74.2% to maxi-
mum (90.7%) with COD increased from 100 to 500 mg/L
(Fig. 6a). Then Cr (VI) removal rate decreased with continu-
ously increasing the COD concentration. Cr (VI) removal re-
duced to 84.0% at a COD concentration of 700 mg/L, which
was only slightly decreased compared with the highest remov-
al rate (90.7%). The Cr (VI) contained in wastewater can be
used as the electron acceptor of the cathode. In the closed
circuit CW-MFC, electrons produced by oxidizing organics
and ammonia nitrogen can accelerate electron transfer be-
tween electrodes and affect the Cr (VI) removal. For the high
COD concentration, too much organic matter was accumulat-
ed in the system, which was not conducive to the transfer of
electrons (He et al. 2015). Moreover, the corresponding efflu-
ent COD concentrations were measured, and the removal rates
were shown in Fig. 6b. The removal rate of COD in 10 cm
group and control group both tended to decrease with the
increase of COD concentration, but the COD removal rate of
10 cm group showed a smaller decline compared with that of

Fig. 2 Surface morphology and microstructure of a virgin activated carbon, b anode biofilm, and ¢ biocathode biofilm of the CW-MFC
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Fig. 3 Power density curves and the polarization curves under different
electrode spacing (5 cm, 10 cm, and 15 cm)

the control group, which benefits from the synergy of CW and
MFC system. Obviously, a closed circuit system could en-
hance the capability of degradation of pollutants (Srivastava
et al. 2015; Fang et al. 2013).

Organic loading amount in CW-MFC was closely related
to the power generation capacity of system. The voltage of the
CW-MFC increased from 508.6 to 588.2 mV with influent
COD increased from 100 to 500 mg/L. But the voltage de-
creased to 569.9 mV as the COD increased to 700 mg/L
(Fig.7). Besides, there was a sluggish decrement of the inter-
nal resistance with COD concentration increased from 100 to
500 mg/L (178 € at 100 mg/L to 147 € at 500 mg/L).
Nevertheless, an obvious increasing trend was observed in
terms of the internal resistance with the influent COD concen-
tration increased to 700 mg/L (162 2). As shown in the power
density curve, the power density progressively increased from
299.1 to 458.2 mW/m® as the COD concentration increased
from 100 to 500 mg/L. However, it did not cause a corre-
sponding power density increment that the COD further in-
creased to 700 mg/L (423.5 mW/m> at COD 700 mg/L).
When the concentration of COD was less than 500 mg/L, with
the increase of organic matter, the microorganisms could

Fig. 4 Removal rate at different (a)
concentrations of Cr (VI): a Cr

00 05 10 15 20 25 3.0
Current density(A/m%

Fig. 5 Power density curve and polarization curve at different
concentrations of Cr (VI)

oxidize more organic and produce a large amount of electrons,
which contributed to generate higher electrical energy (Xu
et al. 2019). Nevertheless, further increased of COD to
700 mg/L, too much organic matter may lead to the accumu-
lation of organic acids in bacterial cells, thereby inhibiting the
activity of microorganisms and reducing the generation of
electricity (Wei et al. 2012).

To evaluate the correlation between COD concentration
and voltage, the dynamic response of the system to different
influent COD concentrations is shown in Fig. 8. The voltage
production was firstly linearly increased from 508.6 to
588.2 mV with the COD increased from 100 to 500 mg/L,
which R? was calculated to be 0.9626. And then linearly de-
creased from 588.2 to 569.9 mV with COD increased from
500 to 700 mg/L (R*=0.9123). The maximum voltage was
obtained as the COD concentration was 500 mg/L. In com-
parison with the linear slope in the range of 100 ~ 500 mg/L
COD concentration, the linear at 500 to 700 mg/L had a flatter
slope. This may be that COD can reach saturated for
exoelectrogens in CW-MFC, a further increase of COD con-
centration would not conducive to electricity production
(Zhang et al. 2015).
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Fig. 6 Removal rate at different
concentrations of COD: a Cr (VI)
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Effects of HRT on wastewater treatment
and electricity generation

To research the effects of HRT on the performance of CW-
MFC, the concentration of Cr (VI) and COD was kept at
60 mg/L and 500 mg/L, respectively. According to Table 3,
Cr (VI) removal increased from 81.0 to 93.0% with HRT
increased from 1 to 3 days. The decrease of Cr (VI) concen-
tration was attributed to multiple mechanisms of treatment
including adsorption on substrate and bioremediation, electro-
chemical reduction, and precipitation. When the HRT was
longer, adsorption was almost saturated; bioremediation and
electrochemical played a major role in removal Cr (VI). The
removal efficiency of Cr (VI) was closely related to the power
generation performance of the system. Hence the Cr (VI) re-
moval rate decreased to 89.6% when the HRT was extended to
4 days. Therefore the Cr (VI) removal capacity was enhanced
with an appropriate increase in HRT. The COD removal rate
was firstly increased to maximum and then decreased with the
elongation of the HRT. When the HRT was 3 days, the highest
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Fig. 7 Power density curve and polarization curve at different
concentrations of COD
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COD removal rate was obtained. It showed that proper pro-
longation of HRT was beneficial to the removal of pollutants
in wastewater, but too long HRT would affect the removal rate
of pollutants.

To explore the effects of HRT on electricity generation
performance in CW-MFC, voltage value was monitored with
an external resistor of 1000 £2; power density curve and po-
larization curve were plotted (Fig. 9). When the HRT was
increased from 1 to 2 days, the voltage increased from 550.8
to 588.2 mV and the internal resistance decreased from 197 to
147 Q. However, further increasing the HRT to 4 days resulted
in the decrease of the voltage to 545.6 mV and the internal
resistance increased to 169 Q2. Meanwhile, it was evident that
the power density was also affected by the HRT; the maximum
power density was 458.2 mW/m? at the HRT of 2 days. As the
HRT was too short to ensure a sufficient contact time between
the wastewater and the microorganisms in the MFC-CW, the
organic matter supplying to the microorganisms in electrode
was affected. Appropriate prolongation of HRT was beneficial
to the full utilization of glucose by microorganisms for their
own growth and reproduction. The enhancement of the elec-
trochemical activity of the bacteria promoted the oxidation of
organic matter and ammonia nitrogen to produce more
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Table 3 Performance of CW-

MFC at different HRTs HRT Cr (VI) removal COD removal Voltage Internal Maximum power density
(days) rate (%) rate (%) (mV) resistance (£2) (mW/m?®)
1 81.0 80.1 550.8 197 3527
2 90.7 92.5 5882 147 4582
3 93.0 89.2 558.1 155 426.8
4 89.6 87.2 545.6 169 3725

electrons and boosted the mass transfer efficiency of the elec-
trodes, resulting in lower internal resistance and higher power
output (Liu et al. 2016). Yet, the power density of the system
decreased from 458.2 (HRT =2 days) to 372.5 mW/m?
(HRT =4 days). The possible explanation was that excessive
consumption of glucose may occur in the bottom layer at
longer HRT, causing the shortage of the electron donor in
the anode (Fang et al. 2017). Therefore, a suitable HRT would
be promising to enhance both the performance of wastewater
treatment and electricity generation in CW-MFC.

Conclusions

Factors such as electrode spacing, COD concentration, Cr
(VI) concentration, and HRT can affect the capacity of waste-
water treatment and electricity generation. Although the min-
imum internal resistance was obtained with the small elec-
trode spacing, too small electrode spacing could decrease elec-
tricity generation. The Cr (VI) removal rate was 93.4% at the
Cr (VI) concentration of 40 mg/L with the electrode spacing
of 10 cm, which was higher than those of the electrode spacing
of 5 cm and 15 cm. It should be noted that the suitable con-
centration of Cr (VI) and COD could enhance the electricity
generation, and the maximum power density was 458.2 mW/
m® at 60 mg/L of Cr (VI) and 500 mg/L of COD, which was
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Fig. 9 Power density curve and polarization curve at different HRTs

obtained 90.7% and 92.5% removal rate of Cr (VI) and COD,
respectively. In addition, the results showed that a suitable
HRT could enhance both the wastewater treatment and elec-
tricity generation in CW-MFC. Consequently, the high power
density, high Cr (VI) removal confirmed that CW-MFC tech-
nology could be successfully used to treat Cr (VI) contained in
wastewater and produce electricity simultaneously.
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