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Microcystins (MCs) pollution caused by cyanobacteria harmful blooms (CHBs) has posed short- and long-term
risks to aquatic ecosystems and public health. Constructed wetlands (CWs) have been verified as an effective
technology for eutrophication but the removal performance for MCs did not achieve an acceptable level. CWs
integrated with microbial fuel cell (MFC-CWs) were developed to intensify the nutrient and Microcystin-LR (MC-
LR) removal efficiencies in this study. The results indicated that closed-circuit MFC-CWs (T1) exhibited a better
NO3™-N, NH4"-N, TP and MC-LR removal efficiency compared to that of open-circuit MFC-CWs (CK, i.e.,
traditional CWs). Therein, a MC-LR removal efficiency of greater than 95% was observed in both trials in T1. The
addition of sponge iron to the anode layer of MFC-CWs (T2) improved only the NO3™-N removal and efficiency
bioelectricity generation performance compared to T1, and the average effluent MC-LR concentration of T2
(1.14 pg/L) was still higher than the provisional limit concentration (1.0 pg/L). The microbial community di-
versity of T1 and T2 was simplified compared to CK. The relative abundance of Sphingomonadaceae possessing
the degradation capability for MCs increased in T1, which contributed to the higher MC-LR removal efficiency
compared to CK and T2. While the relative abundance of electrochemically active bacteria (EAB) (i.e., Desul-
furomonadaceae and Desulfomicrobiaceae) in the anode of T2 was promoted by the addition of sponge iron.
Overall, this study suggests that integrating MFC into CWs provides a feasible intensification strategy for
eutrophication and MCs pollution control.

1. Introduction health risks to human beings and animals (Pham and Utsumi, 2018;

Wang et al., 2021). The World Health Organization (WHO) has set a

Cyanobacteria harmful blooms (CHBs) induced by eutrophication
and climate change have become a serious problem worldwide (Conley
etal., 2009). Beside the undesirable taste and odor during CHBs, some of
cyanobacteria can produce various cyanotoxins to maintain ecological
dominance of cyanobacteria in aquatic environments (Liu et al., 2020).
Microcystins (MCs), with hepatotoxic and tumor promoting activities,
are considered to be one of the most persistent and hazardous groups
among extensive cyanotoxins (Lin et al., 2016). In the last few decades,
MCs have been detected in freshwater and food webs worldwide (Kim
et al., 2021; Machado et al., 2017). Therefore, MCs in water and food
were verified to cause various adverse health events globally and pose

provisional drinking water guideline value of 1.0 pg/L for MC-LR as the
highest acceptable microcystin equivalents concentration (World Health
Organization, 2017).

Some treatment technologies, including physical, chemical and
advanced oxidation processes, have already been applied to reduce the
potential risk of MCs pollution (Dixit et al., 2019). However, the above
treatment technologies are limited by their high cost and/or low effi-
ciency, the harmful by-products and MC derivatives generated. In
addition, some treatment technologies require the development of so-
phisticated techniques when they are used on a large-scale (Tsao et al.,
2017). Therefore, more environment-friendly and economical
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technologies urgently need to be developed to control eutrophication
and MCs pollution. CWs have been widely recognized as green tech-
nology for treating wastewater originating from municipal engineering,
industry and agriculture since 1950s due to their lower operating cost,
environmental benefits and less maintenance requirements (Zhu et al.,
2011; Yu et al., 2019; Liang et al., 2018; Chen et al., 2020). Therefore,
we infer that CWs may be a promising method for treating eutrophic
water containing MCs, which could resolve eutrophication and MCs
pollution from its source.

According to our previous study, the potential risk of MCs still
existed due to due to the stable cyclic structure of MCs (Cheng et al.,
2021). Therefore, how to degrade MCs rapidly and completely in CWs
needs to be further explored. In recent years, various treatment tech-
nologies were coupled with traditional CWs, which was shown to
maximize their combined advantages (Lutterbeck et al., 2020; Wang
et al., 2020). As an emerging wastewater treatment technology, micro-
bial fuel cells (MFC) have aroused increasing interest worldwide (Pra-
thiba et al., 2022; Wang et al., 2020). More than 90% of MCs can be
degraded in MFC, because MFC provides a more favorable electron
pathway for the decomposition of MCs (Yuan et al., 2011). However, the
application of MFC in scale-up operations is challenging due to high cost
and complex operation and maintenance. CWs integrated with microbial
fuel cell (MFC-CWs) can overcome some limitations of both technologies
(Doherty et al., 2015). As an advanced wastewater treatment technol-
ogy, MFC-CWs have exhibited the capacity for promoting various con-
taminants removal, including heavy metals, inorganic non-metals, and
refractory organics (Wang et al., 2019a; Wen et al., 2020; Wen et al.,
2021b). Although MFC-CWs show higher removal efficiency in treating
various wastewater, there are still some practical limitations that should
be overcome, for example, lower refractory organics removal efficiency,
unsatisfactory power output and high internal resistance (Xu et al.,
2019).

To date, very limited research is available on MCs removal in MFC-
CWs. The effectiveness and mechanism of detailed MCs degradation
through biological approaches in MFC-CWs remains unknown. The
feasibility of directly producing bioelectricity from eutrophic water
containing MCs in MFC-CWs has not yet been reported. The addition of
zero valent iron (ZVI) into the anode of MFC has been reported to
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promote the degradation of some refractory organics (e.g., PAHs and
antibiotics, etc) and generation of bioelectricity due to the role of ZVI as
an electron donor (Wang et al., 2019a). Whether the addition of ZVI can
improve MC-LR removal efficiency and bioelectricity generation also
needs to be identified.

In this study, MC-LR was selected as a model to represent MCs. MFC-
CWs with open-circuit were set up as control treatment (i.e., traditional
CWs). Closed circuit MFC-CWs and MFC-CWs with the addition of
sponge iron into the anode were used to investigate the performance of
eutrophication control and MCs pollution treatment as well as
bioelectricity generation performance. The main objectives are to (1)
evaluate the removal capacity of a typical MCs variant (i.e., MC-LR) and
nutrients from eutrophic water in MFC-CWs; (2) reveal the nutrients and
MCs removal mechanism in MFC-CWs; (3) investigate how sponge iron
affects electricity generation and MCs degradation. This study can pro-
vide both a theoretical and practical basis for MFC-CWs applied in
eutrophication and MCs pollution control.

2. Materials and methods
2.1. The design and construction of MFC-CWs

A group of microcosm-scale MFC-CWs were constructed at Northeast
Institute of Geography and Agroecology, Chinese Academy of Sciences
(CAS), Changchun, China. The schematic diagram of the MFC-CW re-
actors (height 49 cm; internal diameter 20 cm; material polyethylene
plastic) is shown in Fig. 1a. Each MFC-CW was filled with a 15 cm of
quartz (diameter of 6-7 mm) layer, a 10 cm of anode layer, a 15 cm of
quartz middle layer, and a 5 cm of cathode layer respectively from
bottom to top. Three treatments established in this study were open-
circuit MFC-CWs (CK), closed-circuit MFC-CWs (T1) and closed-circuit
MFC-CWs with the addition of sponge iron into anode (T2), respec-
tively. There were three replicates for each treatment. The cathode and
anode of all reactors were filled with granular activated carbon (GAC)
that was pretreated by mixing with fresh sludge. Stainless-steel mesh
was buried in the middle of GAC layer of T1 and T2 to collect the
electrons. While the anode of T2 was filled with the mixture of activated
carbon and sponge iron (a type of low-cost material with main

Fig. 1. Schematic diagram (a) and a photo(b) of the MFC-CWs.
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component ZVI). The specific surface areas and pore sizes of anode of T1
and T2 are presented in Table 1. Mature Canna indica were planted in the
cathode layer of each MFC-CWs with an initial density of 3 plants per
reactor. Before the formal experiment, all the MFC-CWs have been
operating stably for five months for domestic wastewater treatment.
Closed-circuit MFC-CWs were connected with an external adjustable
resistance of 1000 Q.

MC-LR used for preparing the influent was extracted and purified
from algal cultures of Microcystis aeruginosa FACHB-905 (purchased
from Freshwater Algae Culture, Institute of Hydrobiology, Chinese
Academy of Sciences). The extracted and purified procedures followed
the methods demonstrated by Moron-Lopez et al. (2019). MC-LR stan-
dard used in quantitative analysis was obtained from Taiwan Algal
Science, Inc, China. Before analysis, MC-LR standard was dissolved in
methanol and stored at —20 °C as stock solution prepared with a con-
centration of 100 pg/mL. High Performance Liquid Chromatography
(HPLC)-grade methanol and trifluoroacetic acid (TFA) were used to
prepare HPLC mobile phase. All the other chemicals applied in this study
were of reagent grade.

2.2. Experimental design and operation

The reported maximum MCs concentration in freshwater of China
was 16.84 pg/L, which was observed in Taihu Lake (Shi et al., 2015).
Therefore, the influent MC-LR concentration in this study was designed
as 15 pg/L. The concentrations of other contaminants in the synthetic
wastewater were as follows: NH;™-N (2.5 mg/L), NO3 -N (3.5 mg/L),
and TP (1 mg/L), which was prepared by NH4Cl, KNO3, and KH2POs,
Each operation trial of the batch experiment was 2 days. During the
operation period, 5 L wastewater was added to the top of the reactors.

2.3. Sampling and analytical methods

The effluent samples were collected per 12 h to evaluate the nutrient
removal efficiency. By the end of each batch, a total of 1 L water samples
was collected from the drainage tap of each MFC-CW for quantifying the
MC-LR removal efficiency. The NH,4'-N, NO3~-N and TP concentrations
were measured by automatic chemical analyzer (Smartchem 200, Italy).
Before measurement, all the samples were filtered through 0.45 pm
filters. MC-LR concentration was determined by (HPLC) with UV de-
tector (Waters 2695e). The collection, preparation and methods of
analysis have been recorded in our previous study (Cheng et al., 2021),
which is also available in the complementary document (Text S1).

The substrate samples were collected from each layer of the MFC-
CWs in centrifuge tubes at the end of the entire experiment following
the methods described by Chen et al. (2020). All samples were sent to
Sangon Biotech Co., Ltd. (China) for analysis. Illumina high-throughput
sequencing was conducted to analyze the microbial community di-
versity and structure of each sample. RDP (Ribosomal Database Project)
database (http://rdp.cme.msu.edu/index.jsp) was selected as the data-
base used in analysis.

2.4. Bioelectricity generation and electrochemical analysis

The voltage output across the external resistance during the entire
operation cycles was monitored and recorded per 0.5 h by a data
acquisition module (DAM-3057, ART Technology Co. Ltd., China). The

Table 1
Specific surface areas and pore sizes of two kinds of anode (T1: closed-circuit
MFC-CWs; T2: closed-circuit MFC-CWs amended with sponge iron in anode).

Surface area Total pore Micropore volume Pore diameter
(m?/ g) volume (mL/g) (mL/g) (nm)

Tl  172.569 0.104 0.059 3.827

T2  21.372 0.014 0.006 5.587
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power density curve and polarization curve were plotted according to
published methods (Lu et al., 2015).

2.5. Statistical analysis

Statistical analyses were performed using the SPSS 19.0 (SPSS Inc.,
Chicago, USA). All the data in this study were presented as mean + SD.
Means between different treatments were compared by one-way anal-
ysis of variance (One-way ANOVA) with Tukey HSD test at the signifi-
cance level of 0.05. All figures were designed and plotted by Origin 8.5
(Origin Lab Inc., USA).

3. Results
3.1. Nutrient removal in MFC-CWs

The effluent NH4"-N concentration of all the treatments decreased
with increasing operation time during the two operation cycles (Fig. 2a).
The average final effluent NH4 -N concentration of three treatments was
0.403 mg/L (CK), 0.251 mg/L (T1) and 0.306 mg/L (T2), respectively,
which all met Class II of the Environmental Quality Standard for Surface
Water (GB3838-2002) in China. The average removal efficiency of CK,
T1 and T2 was 84.95%, 90.62% and 88.56%, respectively. The average
NH,4"-N removal efficiency of CK during the entire operation cycles was
significantly (p < 0.05) lower than other treatments. At 12 h, the
removal efficiency of T1 was significantly (p < 0.05) higher than other
treatments.

All treatments exhibited good NO3 ™ -N removal efficiency during the
entire experiment and in Trial 2, the final NO3™-N removal efficiency of
all treatments was up to 100% (Fig. 2b). During the entire experiment,
the effluent NO3 -N concentration of T1 (0.067 mg/L) and T2 (0 mg/L)
at 12 h was significantly (p < 0.05) lower than that of CK (0.208 mg/L).
The best NO3™-N removal performance throughout the entire experi-
ment was observed in T2. The NO3 -N of T2 was completely removed in
the first 12 h in Trial 2.

TP removal efficiency of three treatments is presented in Fig. 2c.
Compared to the influent TP concentration, the significant (p < 0.05)
decrease in TP effluent concentrations of all treatments mainly occurred
in the first 12 h. The effluent TP concentration of all treatments changed
slightly in the remaining operation time. The average final TP effluent
concentrations of three treatments were 0.558 mg/L (CK), 0.201 mg/L
(T1) and 0.461 mg/L (T2), respectively. The average removal efficiency
of T1 throughout the entire experiment was significantly (p < 0.05)
better than other treatments.

3.2. MC-LR removal

The average MC-LR removal efficiency of all treatments in both
Trials 1 and 2 exceeded 90% (Fig. 3) and was significantly (p < 0.05)
higher in T1 with the average removal percentage of 97.19% and
95.21% for Trial 1 and 2, respectively. The lowest removal efficiency
was observed in T2, which showed a significant (p < 0.05) difference
with that of CK and T1. The effluent MC-LR concentration of CK and T1
did not exceed the WHO provisional limit concentration (1 pg/L) but the
average effluent MC-LR concentration of T2 was 1.14 pg/L.

3.3. Bioelectricity generation

Power density and polarization curves of two types of closed-circuit
MFC-CWs (T1 and T2) during the stable operation phase are presented in
Fig. 4a. The average maximum power density of T1 and T2 was 8.67
mW m 2 and 35.84 mW m ™3, respectively. The corresponding current
density of T1 and T2 was 114.70 mA m~2 and 573.48 mA m™2. Polari-
zation curves were plotted by adjusting a variable resistor with a range
of 50-100,000 Q and were performed to gain an understanding of the
internal resistance in closed circuit MFC-CWs. According to Ohm’s law,
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Fig. 2. Effluent NH;-N (a), NO3 -N (b) and TP (c) concentrations in three types of MFC-CWs. (CK: open-circuit MFC-CWs; T1: closed-circuit MFC-CWs; T2: closed-
circuit MFC-CWs amended with sponge iron in anode). Values represent the mean of three replicates and error bars represent the standard deviation.

MC-LR Removal Percentage (%)

100

100

98

96

94

92

920

88

86

20

Trial 1 98

Trial 2

96|

94 b

oo

HH

92F

90

88

86

MC-LR Removal Percentage (%)

s

CK T T2 CK
Treatment

T T2
Treatment

Fig. 3. MC-LR removal percentage in MFC-CWs (CK: open-circuit MFC-CWs; T1: closed-circuit MFC-CWs; T2: closed-circuit MFC-CWs amended with sponge iron in
anode). Values represent the mean of three replicates and error bars represent the standard deviation.



R. Cheng et al.

250

(a) —=— Voltage of T1 —i— Voltage of T2 450
ko —nm— Power density of T1—=— Power density of T2
200 Do —_
h o d40
- (=5 =
S 150l ™ - a z
= . =E
= -, : =
% a - g £
s 100 o 120 2
=
3 e 32
- \\ i
/ = R 410 8
50 Do z
EF(/ ~O :°.
- 40
0 i 1 1 1 1
0 100 200 300 400 500 600
Current density (mA m'j)
250
»s L (b)
200 -
175 -
g
> 150 -
8 .
1 250
o
=
g 100 |-
s 75}
50 |-
25
0 1 )

TI T2

Treatemnt
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MFC-CWs. (a) polarization and power density curves, (b) bioelectricity gener-
ation. (T1: closed-circuit MFC-CWs; T2: closed-circuit MFC-CWs closed-circuit
MFC-CWs amended with sponge iron in anode).

the internal resistance of T2 was 217.18 Q, which was much lower than
that of T1 (1138.8 Q). The voltage of T1 and T2 is illustrated in Fig. 4b.
The average voltage of T1 and T2 during the operation time was 78.88
+15.12mV and 159.89 + 19.18 mV, respectively. The voltage of T2 was
significantly (p < 0.05) higher than that of T1.

3.4. Microbial community analysis of anode and cathode layers of three
types of MFC-CWs

3.4.1. The richness and diversity of microbial community

The microbial community richness and diversity in the anode and
cathode of different treatments are presented in Table 2. The operational
taxonomic units (OTUs) number of three types of MFC-CWs was ranged
from 1243 to 2070. The Goods Coverage in all treatments was higher
than 0.98, which indicated that most of the species in each type of
reactor were detected. The Chao index was used to evaluate the richness
of the microbial community, which were in the order of CK-Anode
(2631) > CK-Cathode (2621) > T1-Cathode (1965) > T1-Anode
(1655) > T2-Cathode (1826) > T2-Anode (1243). A similar trend was
observed with the Shannon index, which reflected the diversity of the
microbial community. The values of the Shannon index in T2 were 4.13
(anode) and 5.59 (cathode), respectively, which were lower than those
in CK (5.60 in anode and 5.88 in cathode) and T1 (4.63in anode and 5.86
in cathode). Under open-circuit operation mode, i.e., CK treatment,
there was no significant difference in the values of the OTUs number and

Table 2
Summary statistics of microbial community diversity indices in MFC-CWs.
OTUs Shannon Chao Coverage
CK-Anode 2068 + 158 5.60 + 0.33 2630.59 + 122.18 0.98 + 0.002
CK-Cathode 2070 £ 57 5.88 £0.15 2621.10 + 31.44 0.98 £ 0.001
T1-Anode 1655 + 101 4.63 + 0.74 2287.47 + 48.62 0.98 + 0.001
T1-Cathode 1965 + 176 5.86 + 0.10 2472.09 + 173.59 0.99 + 0.001
T2-Anode 1243 + 113 4.13 +£0.35 1868.49 4 177.98 0.99 £ 0.001
T2-Cathode 1826 + 11 5.59 £ 0.38 2382.75 + 52.46 0.98 £ 0.001
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Shannon and Chao index between anode and cathode. The closed-circuit
operation (i.e., T1 and T2) reduced the richness and diversity of the
microbial community. However, the values of the above indexes for the
anode were lower than those for the cathode in the two types of closed-
circuit MFC-CWs. The use of sponge iron (T2) decreased the microbial
richness and diversity of microbial community compared to that of T1.

3.4.2. The microbial community composition

The microbial community composition of each treatment at phylum,
order and family level is presented in Fig. 5. At phylum level (Fig. 5a),
Proteobacteria (29.30-52.8%) was the most predominant phylum in the
anode of all treatments, followed by Firmicutes (8.0-22.1%), Actino-
bacteria (7.9-13.4%), Chloroflexi (3.4-13.1%) and Planctomycetes
(1.4-9.4%). The highest relative abundance of Proteobacteria and Fir-
micutes was observed in T2 (52.8%) and T1 (22.1%), respectively. The
microbial community composition in the cathode of the three treatments
at phylum level was similar, and Proteobacteria (40.0-43.1%), Actino-
bacteria (7.6-10.6%), Planctomycetes (9.4-10.8%) constitute the key
phyla in the cathode of all MFC-CWs.

As presented in Fig. 5b, Rhodocyclales (10.8-12.2%), Anaerolineales
(3.0-10.6%), Pseudomonadales (2.1-14.8%), Rhizobiales (4.2-5.1%),
Planctomycetales, (1.4-9.8%) and Actinomycetales (0.9-6.7%) were the
dominant order in the anode of the three treatments. Besides these
predominant orders, the relative abundance of Burkholderiales
(0.9-11.4%), Sphingomonadales (0.3-1.2%) and Xanthomonadales
(0.9-4.6%) in the anodic community was higher than that of other mi-
croorganisms. The relative abundance of Desulfuromonadales (4.4%) and
Desulfovibrionales (2.6%) of T2 was higher than in the other treatments.
The relative abundance of the above microorganisms was promoted by
the addition of sponge iron. The community in the cathode of all MFC-
CWs mainly consisted of Rhizobiales (15.4-17.9%), Planctomycetales
(9.1-10.5%), Rhodocyclales (3.6-8.8%) and Actinomycetales (5.8-8.4%).
Furthermore, the higher relative abundance of Rhodospirillales
(2.5-3.0%), Rhodobacterales (1.3-1.7%) and Sphingomonadales
(1.7-2.2%) was also observed in the cathode.

At family level (Fig. 5¢), Rhodocyclaceae (10.8-14.7%) was the most
dominant in the anodic community, followed by Anaerolineaceae
(3.0-10.6%), Rhizobiales (4.2-5.1%), Planctomycetaceae (1.4-9.7%) and
Comamonadaceae (2.9-7.9%). In addition, various functional microor-
ganisms (i.e., Sphingomonadaceae (0.3-1.2%), Desulfuromonadaceae
(0.01-3.8%), Desulfomicrobiaceae (0.01-2.06%) and Xanthomonadaceae
(0.7-3.8%), etc) were also found to be higher than other species in the
anode. The highest relative abundance of Comamonadaceae, Desulfur-
omonadaceae, Desulfomicrobiaceae and Xanthomonadaceae was observed
in the anode and cathode of T2, and the relative abundance of Sphin-
gomonadaceae in T1 was higher than in other treatments. The cathodic
microbial community composition of CK, T1 and T2 was similar, and
was dominated by the Planctomycetaceae family with an abundance of
10.41% (CK), 9.28% (T1) and 9.33% (T2), respectively. In addition,
Rhodocyclaceae (3.6-8.8%), Hyphomicrobiaceae (5.7-10.8%) and Sphin-
gomonadaceae (1.6-2.2%) were also key cathodic families in the three
types of MFC-CWs.

4. Discussion

4.1. The intensification effect of integration of MFC with CWs on nutrient
removal

In this study, The NH;"-N removal efficiency of two types of closed-
circuit MFC-CWs (T1 and T2) was slightly greater than that of open-
circuit MFC-CWs (i.e., traditional CWs), indicating that the NH4T-N
removal performance was enhanced by the integration of MFC with
CWs. This phenomenon might be caused by the electron transport driven
by the closed-circuit mode. The electrode can play a role as an electron
acceptor for NH4"-N oxidation when the microenvironment is anaerobic
(Srivastava et al., 2020). In addition, anaerobic NH4"-N oxidation
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Fig. 5. Relative abundance of microbial communities of anode (CK-A, T1-A and T2-A) and cathode (CK-C, T1-C and T2-C) of different MFC-CWs (CK: open-circuit
MFC-CWs; T1: closed-circuit MFC-CWs; T2: closed-circuit MFC-CWs amended with sponge iron in anode). ((a) Phylum, (b) Order, (c) Family).

induced by electron transfer also contributes to a higher NH4"-N
removal efficiency of closed-circuit MFC-CWs (Vilajeliu-Pons et al.,
2017). The NH4"-N removal efficiency of T2 was lower than that of T1
during the operation time, especially in the first 12 h. The difference in
NH,"-N removal between two different reactors can be explained as: 1)
sponge iron is mainly composed of abundant zero valent iron (ZVI), with
a strong reduction characteristic, and the reductive atmosphere is not
beneficial for ammonia oxidation; 2) Less dissolved oxygen in the
MFC-CWs amended with sponge iron in the anode is a limiting factor of
nitrification (Cai et al., 2018). Therefore, there was a lower chemical
conversion efficiency from NH4"-N to NO3 -N in T2 compared to
normal MFC-CWs; 3) the anammox process in T2 may be inhibited by
the microenvironment. Anammox can also play a vital role in nitrogen
removal in an anaerobic environment (Wang et al., 2019b). This finding
was also evidenced by the lower relative abundance of Planctomycetes

observed in T2 compared to that of T1. Various anammox bacteria have
been reported to belong to the Planctomycetaceae family in Planctomy-
cetes phylum (Xiao et al., 2016).

Consistent with the role of O, NO3 ™ -N can also be used as an elec-
tron acceptor. The closed-circuit condition can also enhance the deni-
trification process by accelerating the electron transport in closed-circuit
MFC-CWs. Compared to normal CWs. The highest NO3™-N removal ef-
ficiency was observed in T2, illustrating that the addition of ZVI to the
anode was beneficial for denitrification. The anaerobic environment in
T2 caused by dissolved oxygen consumption benefits simultaneous
heterotrophic and autotrophic denitrification or mixotrophic denitrifi-
cation (Huang et al., 2015; Kumwimba et al., 2021). In addition, Fe (II)
can be considered as an adjuster to regulate the bacterial biomass and
improve related enzyme activity (Yang et al., 2017). In this study, the
relative abundance of Rhodocyclaceae, Comamonadaceae and
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Xanthomonadaceae in T2 was higher than that in other treatments irre-
spective of anode and cathode. Some bacteria such as Comamonadaceae,
Rhodocyclaceae and Xanthomonadaceae are known as denitrification
bacteria which can convert NO3™-N to Ny (Lu et al., 2015). We infer that
a higher abundance of denitrifying bacteria around the electrode
contributed to the better NO3 -N removal performance of T2.

The highest TP removal efficiency among all treatments was
observed in T1. Compared to CK, the average TP removal efficiency in
two operation periods of T1 was increased by 41.93%, indicating that
the integration of MFC into CWs can accelerate TP removal. In addition,
the closed-circuit also boosted the growth of some phosphorus-
accumulating bacteria in this study. Compared to open-circuit opera-
tion, a higher relative abundance of Comamonadaceae and Rhodocycla-
ceae, some of which are considered to be phosphorus-accumulating
organisms (PAOs) (Ge et al., 2015; Kim et al., 2017), was observed under
closed-circuit operation. However, the TP removal efficiency of
MFC-CWs amended with sponge iron in the anode was lower than the
other two treatments in contrasted with some previous study (Ge et al.,
2020). The addition of sponge iron can improve TP removal due to the
available Fe (II) and Fe (III) ions in the system (Xu et al., 2020). Due to
abundant Fe ions in MFC-CWs system, P can be recovered as ferric
phosphate and/or adsorbed onto iron hydroxide precipitates (Ge et al.,
2020; Zhang et al., 2019; Zhang et al., 2020b). The difference in TP
removal efficiency in this study may be due to the different selection of
electrode material. The electrode material in this study consisted of GAC
rather than carbon fiber felts in a previous study (Ge et al., 2020). When
sponge iron was added to the anode, the specific surface area of its anode
was significantly (p < 0.05) lower than that of the anode consisting of
GAC (Table 1). In addition, more microporous structure was present in
GAC anode (Table 1). The positive effect of GAC on TP adsorption may
be greater than that of iron ion and their hydroxides. Thus, we infer that
the decreased adsorption capacity of T2 resulted in the unsatisfactory TP
removal efficiency.

4.2. The intensification effect of MFC-CWs on MC-LR removal

Various chemical reactions that are occurring due to the existence of
electrodes may accelerate the degradation of bio-refractory compounds.
In this study, MC-LR removal efficiency of T1 was significantly (p <
0.05) higher than that of the control. The effluent MC-LR concentration
of T1 was reduced to below the safety guideline (1 pg/L) within 2 d,
demonstrating that a closed-circuit connection could enhance the MC-
LR removal efficiency. Compared with MCs removal efficiency
(Table 3) obtained in other normal CWs, more MC-LR can be eliminated
in T1 with a shorter HRT (Wang et al., 2018; Bavithra et al., 2020; Cheng
et al., 2021). For closed-circuit MFC-CWs, the facilitation of microbial
electron transfer may improve the utilization of bioavailable organic
matter (Ge et al., 2020). Biodegradation of bio-refractory compounds (e.
g., PPCPs, azo dyes and antibiotics) mainly occurs in the anode layer
which can provide a more favorable temporary electron pathway under
closed-circuit conditions compared with using oxygen as the electron
acceptor under open-circuit conditions (Yuan et al., 2011; Li et al.,
2018). In addition, there was improved electron adsorption ability

Table 3
Summary of MCs removal performance in different CWs.
No. CWs HRT MCs Influent MCs Removal References
type type concentration efficiency
1 MFC- 2 MC- 15 pg/L 97.19% This study
CWs days LR
2 Normal 5 MC- 14.41 pg/L 79.55%-— Cheng et al.
CWs days LR 93.61% (2021)
3 Normal 7 MC- 0.21-4 pg/L >99% Bavithra
CWs days LR etal. (2020)
4 Normal 3 MC- 16.7 pg/L >90% Wang et al.
CWs days LR (2018)
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under closed circuit conditions, which may have enhanced MC-LR
trapping ability of the system (Song et al., 2018). Moreover, the pres-
ence of a closed-circuit connection could improve the microbial activity.
The complete degradation of MCs gradually depended on indigenous
microcystin-degrading bacteria in the natural environment (Dziga et al.,
2013). Many microcystin-degrading bacteria were recognized from the
family Sphingomonadaceae, whose microcystins degradation process is
regulated by the specific enzymes coded by a series of mlr genes (Lez-
cano et al., 2017; Li et al., 2017). According to microbial community
analysis, the relative abundance of Sphingomonadaceae in the anode and
cathode of T1 was 1.53 and 1.16 times higher than that of CK. The
highest abundance of degrading bacteria also contributed to the highest
MC-LR removal efficiency of T1.

The MC-LR removal efficiency of T2 was the lowest in this study.
After 2 days treatment, the effluent MC-LR concentration was still higher
than the safety guideline of 1.0 pg/L in drinking water, indicating that
the application of sponge iron cannot enhance MC-LR removal effi-
ciency, although several previous studies proposed that the addition of
ZVI into the anode was conducive to bio-refractory compounds degra-
dation in the MFC-CWs (Zhang et al., 2011; Wang et al., 2019a). The
main reasons are as follows: 1) due to the addition of sponge iron, the
surface area and total pore volume of the anode decreased compared to
that of CK and T1 (Table 1). This result illustrated that the MC-LR
adsorption capacity of the system decreased compared to that of CK
and T1; 2) the lower MC-LR removal efficiency in T2 may also be
attributed to the higher external resistance. As presented above in the
Results section, the internal resistance of T2 was 217.18 Q, which was
much lower than the external resistance (1000 Q), while the internal
resistance of T1 (1138.8 Q) was closer to the external resistance (1000
Q). As clarified in previous study, the highest removal efficiency usually
occurred when the external resistance was close to the internal resis-
tance in MFC-CWs (Fernando et al., 2014; Wen et al., 2021a), mainly
due to the decreased consumption of metabolites caused by the reduc-
tion of respiration rate and electron transfer activity under higher
external resistance (Aelterman et al., 2008; Gul et al., 2021); 3) the
relative abundance of Sphingomonadaceae of T2 was lower than that of
CK and T1, especially in the anode layer. To summaries, the addition of
sponge iron into anode was not conducive to the growth and repro-
duction of MCs degrading bacteria.

4.3. Bioelectricity generation performance of MFC-CWs enhanced by
sponge iron

Voltage output, current density and power density of T2 were
significantly (p < 0.05) improved compared to that of T1. T2 also
showed significantly (p < 0.05) lower internal resistances than T1. The
bioelectricity generation performance of T2 was also superior to that
obtained by Srivastava et al. (2020) and Liu et al. (2020) for MFC-CWs
planted with common sedges (Carexbreviculmis) (27.2-42.0 mV) and
yellow iris (Iris pseudacorus) (132 + 42 mV). This observation can be
explained as follows: 1) ZVI addition into the anode can reduce the
oxidation reduction potential (ORP) of the microenvironment of T2 (Liu
and Wang, 2019). ZVI can also facilitate electron transfer and enzyme
activity, thus strengthening the bioelectricity generation performance of
MFC-CWs (Harada et al., 2016). 2) In this study, the relative abundance
of EAB enhanced by sponge iron addition may also contribute to
improved bioelectricity generation performance (Wang et al., 2019b).
As presented in Fig. 5a, Proteobacteria and Firmicutes were widely
distributed in the anode of two types of MFC-CWs, and most EAB belongs
to these above phyla (Lu et al., 2015). Therefore, the higher relative
abundance of the above two phyla in the anode of T2 can enhance its
potential for electrogenic activity (Li et al., 2018). Microbial community
analysis indicated that, certain families of Proteobacteria, such as
Desulfuromonadaceae and Desulfomicrobiaceae were the two dominant
EAB; both can directly or indirectly transfer electrons generated in the
degradation process of organic matter to the external circuit generating
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current (Miyahara et al., 2016; Hamdan et al., 2016). Although the
improved bioelectricity generation performance was presented in T2,
the acceptable TP and MC-LR removal performance was not observed
due to the selection of external resistance and electrode materials.
Therefore, more systematic research is recommended to focus on opti-
mizing the design and operation (e.g., reactor configuration, electrode
material and operating condition, etc.) of MFC-CWs to achieve an in-
crease in both pollutant removal and bioelectricity generation.

5. Conclusion

In this study, the enhancing of nutrient and MC-LR removal by MFC-
CWs was comprehensively evaluated. The main conclusions are as fol-
lows: 1) the closed-circuit MFC-CWs enhanced the nutrient and MC-LR
removal efficiency compared to open-circuit MFC-CWs; 2) although
the addition of sponge iron into anode layer can improve the
bioelectricity generation performance, the TP and MC-LR removal effi-
ciency was lower than that of normal MFC-CWs due to imperfect oper-
ational conditions and electrode materials; 3) the addition of sponge
iron into the anode reduced microbial richness and diversity of the
microbial community compared to traditional MFC-CWs. The relative
abundance of EAB increased, while the relative abundance of
microcystin-degrading bacteria decreased. The above results demon-
strate that integrating MFC into CWs can be viewed as an alternative
intensification strategy for using CWs to target eutrophication and MCs
pollution control. In order to achieve more pollutant removal and en-
ergy recovery, future research should concentrate on optimizing the
design and operation of MFC-CWs.
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