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The frequent occurrence of polycyclic aromatic hydrocarbons (PAHs) in aquatic environments is of great
concern because of their teratogenicity, toxicity, carcinogenicity, and mutagenicity to plants, animals and
human beings. In this study the bioelectricity generation, biodegradation, phytoextraction and substrate
adsorption of phenanthrene and anthracene in a constructed wetland-microbial fuel cell (CW-MFC) were
investigated with an anode electrode amended with or without biochar-nZVI. During a 182-day operation period, the average removal efﬁciency for phenanthrene and anthracene ranged from 88.5% to
96.4%. The concentration of phenanthrene in roots, stems and laminas of T. orientalis was 14.9, 3.9 and
2.3 ng g1 respectively, while that of anthracene was 22.2, 3.1 and 1.3 ng g1, respectively. In addition, the
application of nZVI was conducive to bioelectricity generation and organic compound degradation in the
CW-MFC reactor. The distribution of the bacterial community indicated that the relative abundance of
Bacillus, Paludibacter, Desulfovibrio and Lactococcus with a degradation capability for refractory organics
was signiﬁcantly increased. Especially the genus Bacillus for excreting catalase became more abundant.
The results of our study indicate how to promote bioelectricity generation and biodegradation of refractory organic compounds in a CW-MFC by improving the culture conditions for bacteria.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) occur frequently in
aquatic environments such as surface and ground water and even
in efﬂuents of wastewater treatment plants (WWTPs) (Hamdan
et al., 2017). Although the concentrations of these compounds are
at trace level (ng L1 to mg L1) (Qi et al., 2013), they are considered
to pose a serious threat on plants, animals and humans (Goldman
 et al., 2006). Hence, PAHs are of increasing
et al., 2001; Paskova
concern because of their teratogenicity, toxicity, carcinogenicity,
and mutagenicity (Haritash and Kaushik, 2009; Yu et al., 2017).
Owing to their persistence and stability, the process of volatilization, chemical oxidation, and photo-oxidation usually do not meet
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the requirements of environmental protection under natural conditions (Haritash and Kaushik, 2009; Wild and Jones, 1995). In
addition, different congeners of the same group (PAHs) can interact
with each other, consequently, reduce their removal efﬁciency (Lei
et al., 2007). Therefore, developing efﬁcient methods to control PAH
pollution in aquatic environments is an important issue for environmental protection.
A constructed wetland-microbial fuel cell (CW-MFC), which
utilizes natural processes to generate bioelectricity and promotes
the removal efﬁciency of contaminants within a controlled environment, has been considered to be a low-cost, easily to maintain
and environmentally friendly technology for wastewater treatment
(Wang et al., 2016; Yadav et al., 2012). There are many successful
tests using a CW-MFC for the biodegradation of azo dye products
and swine slurry remains (Doherty et al., 2015a; Fang et al., 2015).
Although these work have demonstrated that the use of a CW-MFC
can signiﬁcantly enhance the removal efﬁciency of contaminants by
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oxidation coupled with electron transfer to the anode by an
adapted microbial population (Doherty et al., 2015b). The effect of
these factors on the removal performance of PAHs by a CW-MFC has
never been reported. In addition, most of the reported work on CWs
for PAH treatment is related to the removal efﬁciency of these
contaminants. Since CWs comprise of water, plants, substrate and
microorganisms, it is essential to achieve a comprehensive understanding of the mechanisms involving phytoextraction, phytotransformation, substrate adsorption and biodegradation in CWs
during wastewater treatment.
In a CW-MFC the metabolic functions of microorganisms play an
important role in contaminant removal and electron transfer. It has
been shown that the increase of the abundance of electrochemically active bacteria (EAB) like Pseudomonas, Dechloromonas, Rhodopseudomonas or Desulfuromonas may result in an enhancement
of bioelectricity generation in a CW-MFC (Corbella et al., 2015;
Wang et al., 2016). In addition, many studies demonstrated that the
bioenergy output from MFCs with mixed microbial cultures is
higher than the one with pure cultures (Nevin et al., 2008; Rabaey
and Verstraete, 2005). One possible cause may be that synergistic
interactions promote the electron ﬂow among the microbial community causing an increased bioelectricity generation (Corbella
et al., 2015). In addition, it was observed that the use of zero valent iron (ZVI) in a MFC system can increase electricity generation
and biodegradation of organic compounds because of its function
as electron donor causing a reduction of the of organic compounds
(Cai et al., 2018; Zhang et al., 2011). These results suggest that an
anode amended with nano ZVI (nZVI) might improve the degradation of organic compounds as well as electricity production.
In this study, phenanthrene and anthracene were selected as
target PAHs. The control group and the CW-MFC with an anode
amended with nZVI were used to investigate their performance in
biodegradation, phytoextraction and substrate adsorption of
phenanthrene and anthracene. We hypothesize that: i) nZVI affects
the biodegradation and phytoextraction of phenanthrene and
anthracene during wastewater treatment; ii) an increased
bioelectricity generation of a CW-MFC anode amended with nZVI
will promote the nitrogen removal of the wastewater; iii) the microbial community will adapt to the nZVI located anode in a CWMFC and change its composition.
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2.2. Reactor construction, inoculation and operation
The schematic diagram of a CW-MFC reactor (height 52 cm;
internal diameter 16 cm; material polyvinyl chloride) is shown in
Fig. 1. Foamed nickel (FN), foamed nickel amended with nZVI (FNnZVI), carbon ﬁber felt (CFF) or carbon ﬁber felt amended with nZVI
(CFF-nZVI) were selected as anode materials. The cathode materials
were similar with to corresponding anodes without any emendation. The diameter of each electrode was 10 cm and the weight of
Biochar-Mt-nZVI in the FN-nZVI and in the CFF-nZVI reactor was
3.2 g. The distance of the electrodes was 35 cm. They were connected with an external electrical resistor (1000 U). All units were
ﬁlled with uniform quartz sand with an average particle size of
2e4 mm and a porosity of 29.2%. After macro-nutrients and
Hoagland's trace elements had been added for one month, Typha
orientalis (T. orientalis) was respectively planted into the CW-MFCs
with an initial density of 6 plants per unit. The CW-MFC were
inoculated with a volume of 2.0 L active sludge, collected from a
wastewater treatment plant in Shanghai Songjiang area, which has
been diluted with tap water. Synthetic municipal wastewater was
used to adapt the microorganisms and wetland plants for about one
month. During inoculation and operational periods, synthetic
wastewater was fed into the CW-MFCs at the top and collected from
a perforated collection pipe placed 7 cm above the bottom of
reactor. All CW-MFCs were operated in a fed-batch mode with a
hydraulic retention time (HRT) of 2 d.
2.3. Preparation of synthetic wastewater
The composition of synthetic wastewater is as follows:
C6H12O6$H2O, KH2PO4, Na2HPO4$12H2O, NH4Cl, NaNO3, CH3COONa,
MgCl2$6H2O, ZnCl2, CaCl2, CuSO4$5H2O, FeCl3 and H3BO3. During
the operational period, 1 mL phenanthrene (5 g L1) and anthracene (5 g L1) acetone solution was added to 30 L synthetic
wastewater. The chemical oxygen demand (COD), NH3-N, nitrate,
phenanthrene and anthracene concentrations in the inﬂuent were
211.9,15.0, 38.9, 0.17 and 0.17 mg L1, respectively. The average
conductivity and pH of inﬂuent water were 670.1 ± 50.0 mS cm1
and 7.50 ± 0.12, respectively.
2.4. Sampling and analytical methods

2. Materials and methods

Inﬂuent and efﬂuent samples were collected at the feeding time

2.1. Preparation of Biochar-Mt-nZVI
Montmorillonite-nZVI (Mt-nZVI) was prepared by reducing
FeSO4$7H2O to zero valent iron using sodium borohydride (NaBH4)
reduction (Huang et al., 2014; Zhang et al., 2010). Firstly, 24.88 g of
FeSO4$7H2O were dissolved in an ethanolic solution (200 mL) at a
volume ratio of 1 (water):4 (ethanol). Then 20 g Mt were added and
stirred for 0.5 h. Afterwards, NaBH4 solution (50 mL) was added to
the Mt-nZVI under continuous stirring at a mol ratio of

1(Feþ
2 ):3(BH4 ). Finally, the mixture was stirred for another 0.5 h
under the protection of N2. Mt-nZVI was washed with deionized
water for several times and dried at 40  C for 24 h in a lyophilizer.
Meanwhile, biochar was added into 50 mL anoxic deionized water
and heated in a water-bath (50  C). Then it was placed for 1 h to
discharge the bubble. Finally, the Mt-nZVI and an anoxic CaCl2
solution (4%) were added to the above solution and stirred for about
1 h. The next step in the preparation of Biochar-Mt-nZVI was
repeated according to the above-mentioned processes. The ﬁnal
products were used as the amendment material to embed in the
space between of anode electrode. The surface area, SEM and XRD
parameters are presented in Table S1 and Fig. S1.

Fig. 1. The schematic diagram of CW-MFC reactor: a) CW-MFC with FN and CFF as
anode material; b) the FN and CFF associated with nanoscale zero-valent iron as anode
material in CW-MFC.
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(9:00 a.m.) in each HRT's cycle. Dissolved oxygen (DO) concentration, pH and temperature were determined using a multiparameter water quality monitor (HQ40d, Hach). The conductivity of inﬂuent and efﬂuent was measured using a digital portable
meter (AP-2, HM, South Korea). The concentration of NH3-N and
COD was measured with the HI 93733 Ammonia ISM (Hanna, Italy)
and DR 900 (Hach, USA) with the corresponding reagents according
to their special cautious. The nitrate concentration was determined
with an UV-vis spectrophotometer. The ﬂuctuating voltage across
the external electrical resistor of each reactor was recorded using a
digital multimeter (Hangzhou Bright Technology Co. Ltd., China)
each 2 min. At the middle and at the end of the operational periods,
the polarization curve of each system was determined by the
variation of the external electrical resistor from 50 to 80000 U.
Phenanthrene and anthracene concentrations of inﬂuent and
efﬂuent samples were determined according to the standard
method GB/T 26411-2010 (China) for the determination of 16 PAHs
in seawater by GC-MS (Shimadzu, Japan). During the operational
period, 100 mL efﬂuent samples were collected in each HRT cycle.
Each ten samples were pooled and the resulting mixed solution to
analyze the concentrations of phenanthrene and anthracene. In
addition, to analyze the function of phytoextraction and substrate
adsorption, phenanthrene and anthracene concentrations of root,
stem and lamina (dry weight of each part: 1 g) of the wetland plants
and in quartz sand (50 g) of each reactor were analyzed at the end
of experiment, extraction by ultrasound at 25  C, 100 W power,
extractant n-hexane.
2.5. High throughput sequencing analysis
The bioﬁlm samples of the anodes were collected at the end of
the experiment. All samples were placed in a conical bottle and
then centrifuged at 200 rpm for about 12 min. After that, the
OMEGA soil DNA kit was used to extract DNA. The hypervariable
regions of V4-V5 were ampliﬁed with the universal primers 515F
(50 - GTGCCAGCMGCCGCGG-30 ) and 907R (50 - CCGTCAATTCMTTTRAGTTT-30 ) according to previous report (Wang et al., 2016). The
PCR ampliﬁcation and high-throughput sequencing analysis was
done by Personal Biotechnology Co., Ltd, with an Illumina Miseq
platform (Shanghai, China). To ensure high-quality sequence reads,
the data were denoised and eliminated, if homopolymers exceeded
150 base pairs (bp) or were shorter than 8 bp, containing ambiguous bases and chimera sequences. All similar high-quality reads
were clustered into operational taxonomic units (OTUs) with a
similarity threshold value of 97%.
2.6. Statistical analysis
The characteristics of bioelectricity generation (power density,
current density and coulombic efﬁciency) of each CW-MFC reactor
was evaluated according to previous studies (Logan, 2008). The
analysis of variance (ANOVA) with the LSD test (SPSS 22.0) was
used to evaluate the difference of water parameters in efﬂuents
collected from the CW-MFC reactors with p < 0.05 as the signiﬁcance level. A heat map of the microbial community at the genus
level was generated using the R software (version 3.3.2) to visualize
the differences and the similarities in the community composition
based on the distance matrix.
3. Results and discussion
3.1. Pollutant removal and bioelectricity generation
Data in Fig. 2 show the efﬂuent temperature, COD removal
performance and voltage output of the CW-MFC reactors with FN,

FN-nZVI, CFF or CFF-nZVI as anodes. In general, the temperature of
the efﬂuent ranged from 29.4 (summer) to 9.5 (winter)  C. The COD
concentration of the efﬂuents collected from the four reactors was
77.9 ± 16.4, 68.4 ± 12.7, 59.6 ± 10.6 and 50.7 ± 8.8 mg L1, respectively. The corresponding removal efﬁciency values were
63.3 ± 7.2%, 67.8 ± 5.7%, 71.9 ± 4.7% and 76.1 ± 3.9%. An apparent
difference in COD removal efﬁciency was obtained among the four
reactors (p < 0.05). The average voltage output of FN, FN-nZVI, CFF
and CFF-nZVI reactor during the 182-day operation period was
313 ± 28, 330 ± 36, 376 ± 34 and 425 ± 37 mV, respectively. The
increase in bioelectricity generation could be concluded into: i) the
addition of nZVI in the CW-MFC enhanced the average voltage
output by 6.0 up to 13.0% (p < 0.05); ii) the bioenergy production in
the CW-MFCs with CFF as anode was nearly 20.0% higher than that
of the CW-MFC with FN as anode material (p < 0.05); iii) the
average voltage of the CW-MFC was temperature dependent: in
summer (June-Sep., average temperature: 26.3 ± 1.7  C) 12.3e16.9%
higher than in winter (Oct.- Dec., average temperature:
18.5 ± 4.5  C) (p < 0.05).
These results indicate that the temperature and the modiﬁcation of the anode material are critical factors for the performance
with regard to pollutant removal and bioelectricity generation. The
decline of the temperature from summer to winter had a direct
effect on the production of bioenergy and on the contaminant
removal, which is in agreement with our previous studies (Wang
et al., 2017b). The enzyme activity of microbial population in the
summer season was higher than in the winter season because
average temperature decreased from 26.3 to 18.5  C. In addition,
the use of nZVI had an inﬂuence on environmental conditions such
as pH and ORP, which regulate the metabolic activity of the EAB and
of the anaerobic digestion (Cai et al., 2018). It has been reported
that nZVI is conducive to the activity of enzymes producing acetic
acid. The introduction of nZVI into the reactor resulted in
enhancement of an easy-to-use metabolic substrate production
around the anode (Liu et al., 2012; Yang et al., 2017). Due to the
enhancement of acetic acid production and enzyme activity, the
bioelectricity generation in CW-MFCs with nZVI amended anodes
showed a signiﬁcant increase. A similar study with a MFC also
demonstrated that the application of nZVI anode promotes
pollutant removal and enhances bioenergy production (Cai et al.,
2018). Although the bacterial community on the anode (FN and
CFF) was a slightly different in composition after 182-day operation
(section 3.4), the effect of nZVI on the improvement of environmental conditions (pH and ORP), enzymes activity and electron
transfer was similar (Harada et al., 2016).
The power density, current density and polarization curves
obtained for the four reactors in the summer or winter seasons are
presented in Fig. 3. In summer, the maximum power and current
densities of the four CW-MFC reactors follow the order: FN < FNnZVI < CFF < CFF-nZVI. The highest power density of 26.0 mW m2
was measured for the CW-MFC with CFF-nZVI as anode. The peak
current densities of the four reactors were 76.4, 81.5, 84.1 and
94.3 mA m2, respectively. However, during the winter season the
maximum power and current densities decreased concomitant
with the reduced temperature similar to previous studies
(Villasenor et al., 2013; Wang et al., 2017b). The peak power density
of the four reactors were 10.2, 10.9, 16.2 and 20.6 mW m2,
respectively. The current density of the four systems had the
following order: FN < FN-nZVI < CFF < CFF-nZVI. The highest power
density of a CW-MFC was in the summer season in general between
21.6% and 29.8% higher than in the winter season. The nZVI
embedded in the anode material signiﬁcantly promoted the power
density of the CW-MFC system. In addition, the coulombic efﬁciencies were 0.3%, 0.3%, 0.4 and 0.4% for the four reactors,
respectively.
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Fig. 2. The efﬂuent temperature, COD removal performance and voltage output of CW-MFC reactor with FN (a), FN-nZVI (b), CFF (c) and CFF-nZVI (d) as the anode.

higher bioelectricity generation of the CW-MFC reactor. In addition,
the volume ratio of electrode bioﬁlm to the anode in the CW-MFC
was signiﬁcantly lower than the one in a classic MFCs (Liu et al.,
2014; Oon et al., 2017). Another cause may be the competition
between EAB and other microorganisms for oxidizable organic
matter in a CW-MFC system (Logan et al., 2006). During the
metabolism of organic matter the syntrophic interactions between
EAB (Dechloromonas) and hydrogenotrophic methanogens are well
known (Lu et al., 2015). However, our previous study had indicated
that the acetpclasic and the hydrogenotrophic methanogens played
an critical role in the formation of anaerobic sludge under low and
high organic loading rates (Yang et al., 2017). Therefore, the reduced
concentration of organic matter in the inﬂuent may have caused
that syntrophic interactions between EAB and hydrogenotrophic
methanogens became inefﬁcient and consequently the voltage
output and coulombic efﬁciency in the CW-MFC decreased.
3.2. Degradation pathway for phenanthrene and anthracene

Fig. 3. The polarization curves of FN, FN-nZVI, CFF and CFF- nZVI reactors in summer
or winter season: a) summer season; b) winter season.

Comparing the power density, current density and coulombic
efﬁciency of the classic MFCs, these parameters of CW-MFC presented in a relatively lower level because of the lower efﬁciency of
mass transfer under fed-batch mode (Cheng et al., 2006) and
electron acceptors (nitrate) contained in the inﬂuent (Wang et al.,
2017b). It has been reported that nitrate and ammonia could produce nitrous oxide under the chemical-denitriﬁcation effect of Fe2þ
(Fanning, 2000). Therefore, nitrate contained in inﬂuent inhibited a

The biodegradation, phytoextraction and substrate adsorption
of phenanthrene and anthracene in a CW-MFC are displayed in
Fig. 4. With a concentration of 0.17 mg L1 in the inﬂuent the
removal efﬁciency for phenanthrene in the four reactors was
88.4 ± 2.9%, 93.6 ± 1.6%, 93.6 ± 1.6% and 95.3 ± 0.9%, respectively.
The removal rates for anthracene were 92.5 ± 1.2%, 95.2 ± 1.0%,
95.8 ± 1.5% and 96.5 ± 1.5%, respectively. After 182-day operation
the concentrations of phenanthrene in roots, stems and laminas of
T. orientalis were 14.9, 3.9 and 2.3 ng g1, respectively, and that of
anthracene were 22.2, 3.1 and 1.3 ng g1, respectively. In the substrate of the CW-MFC the concentration for phenanthrene and
anthracene were 8.7 and 8.0 ng in 100.0 g quartz sand.
In our previous study, we assessed the distribution and metabolic function of the bacterial community around roots of
T. orientalis (Wang et al., 2017a). Here we focus on the effect of nZVI
on the biodegradation and phytoextraction of phenanthrene and
anthracene at the anode in CW-MFCs. In the FN-nZVI and the CFFnZVI reactor, the relative abundance of Bacillus, Paludibacter,
Desulfovibrio and Lactococcus increased signiﬁcantly during operation (section 3.4). Among these microorganisms Bacillus,
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(Gregoire et al., 2009; Lv et al., 2016). Although an uptake of refractory organic matter by the plant roots was limited, some phytotransformation was observed in the stems and laminas of
T. orientalis (Pilon-Smits, 2005). For the latter activities endophytic
microorganisms are probably responsible (Li et al., 2016). However,
the fast biodegradation by microorganisms and defense mechanisms of plants against microbial pathogens protected T. orientalis
(Robert and Friml, 2009). A signiﬁcant low adsorption capacity for
the contaminant was obtained for quartz sand in a CW-MFC. It
clearly indicates that the biodegradation ability of microorganisms
was possible for the quick removal of phenanthrene and anthracene. In addition, an important metabolic intermediate ([1,2Benzenedicarboxylic acid, bis(2-methylpropyl) ester]) (Fig. S2) of
the degradation process was detected in the root and stem samples
of T. orientalis. Such ﬁnding indicates most probably that T. orientalis
is able to do phytoextraction and phytotransformation of organic
matter in wastewater treatment. However, the metabolism of these
compounds in the tissues of the plant requires further research.

3.3. Nitrogen removal

Fig. 4. The removal efﬁciency of Phenanthrene and Anthracene in CW-MFC (a) and the
phytoextraction and phytotransformation of Phenanthrene and Anthracene in the
roots, stems, and laminas of T. orientalis (b).

belonging to the phylum Firmicutes, produce the enzyme catalase
under aerobic conditions (Baron, 1996). This enzyme also is
considered to be involved in the biodegradation of aromatic compounds (Baran et al., 2004; Kocabas et al., 2008). The co-enriched
Paludibacter, Desulfovibrio and Lactococcus are known to have a
high capacity to remove refractory organic compounds under
anaerobic conditions (Baxter-Plant et al., 2004; Rijnen et al., 1999;
Yun et al., 2017). It has been reported that bacteria of the genus
Desulfovibrio can be used to remove aromatic compounds from
wastewater, since they use H2 as electron donor (Rijnen et al., 1999).
Bacillus and Desulfovibrio may contribute to the oxidation and
reduction of nZVI (Volbeda et al., 1995). Bacteria of the genus
Pseudomonas possess the capability to degrade phenanthrene and
anthracene. Although the relative abundance of the latter in CWMFCs with CFF-nZVI as anode material increased by 6.0%
compared with a CFF reactor, no abundance variation was observed
in the FN and FN-nZVI reactors. One possible reason may be a
different effect of nZVI in FN and CFF system on the adaption of the
microﬂora. Clear is, however, that the use of nZVI to amend the
anode is conducive to the biodegradation of phenanthrene and
anthracene.
Plants in wetland play a positive role in the removal of organic
and inorganic contaminants from wastewater (Li et al., 2016). The
potential of phenanthrene and anthracene to be taken up by the
roots and their phytotransformation by T. orientalis were assessed
by the contaminant concentrations in the roots, stems and laminas.
Apparently, the plants root possessed the main uptake capacity for
phenanthrene and anthracene, similar results has been obtained
previously for ibuprofen remove (Li et al., 2016). However,
compared with the biodegradation ability of microorganisms, these
compounds removed by plants became an inefﬁcient process,
which may be caused by the main process of organic compounds
removal by T. orientalis was carried out in an indirect effect, such as
promoting the abundance of plant growth promoting bacteria

Data for NH3-N and nitrate concentrations in inﬂuents and efﬂuents are given in Fig. 5. In general, a stable removal performance
for NH3-N and nitrate was obtained in the CW-MFCs. The average
concentrations of NH3-N in the efﬂuents of the four reactors were
7.5 ± 1.9, 6.1 ± 1.8, 7.2 ± 2.0 and 5.1 ± 1.3 mg L1, respectively.
Obviously, the NH3-N removal efﬁciency for the CW-MFC with an
anode amended with nZVI was signiﬁcantly higher than that for the
corresponding CW-MFC system (p < 0.05). Notably, with the
decrease of the temperature in the winter season the NH3-N concentration of the efﬂuents in the four CW-MFC reactors ranged
from 3.0 to 4.4 mg L1. Results of the linear regression analysis
indicate that the NH3-N removal efﬁciency increased, if the DO
concentration of efﬂuents ranged from 0.3 to 1.2 mg L1: i)
Y ¼ 45.02Xþ21.98 (R2 ¼ 0.93, FN); ii) Y ¼ 44.68Xþ31.51 (R2 ¼ 0.90,
FN-nZVI); iii) Y ¼ 39.78Xþ26.60 (R2 ¼ 0.88, CFF); and iv)
Y ¼ 19.42Xþ53.61 (R2 ¼ 0.95, CFF-nZVI), where X and Y mean the
DO concentration of efﬂuent samples and NH3-N removal

Fig. 5. The removal performance of NH3-N (a) and nitrate (b) of FN, FN-nZVI, CFF, and
CFF- nZVI reactor.
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efﬁciency, respectively. As shown in Fig. 5(b), the nitrate concentration in the efﬂuent samples of the four reactors were 3.2 ± 1.2,
2.9 ± 1.2, 5.9 ± 2.0 and 4.4 ± 1.6 mg L1, respectively. Obviously, like
in a previous study the nitrate removal in the CW-MFC with FN as
anode and cathode material was signiﬁcantly higher than that of
the CW-MFC with CFF as electrode (p < 0.05) (Wang et al., 2017b).
The data for NH3-N and nitrate concentrations in the efﬂuent
samples of the four CW-MFC reactors indicate that nZVI increased
the nitrogen removal.
It has been generally accepted that nitriﬁcation and denitriﬁcation are the main pathways for the removal of NH3-N in wastewater treatment (Vymazal, 2007; Wallace et al., 2016). In this study,
the removal efﬁciency for NH3-N had a relatively low level. This
may have resulted from the low concentration of DO in the
wastewater limiting the nitriﬁcation. Although bacterial activities
decreased with the reduced temperatures in winter, the removal of
NH3-N in the winter season was slightly higher than in the summer
season. One possible reason may be that the DO concentration of
the wastewater in the winter season was about 0.7 mg L1 higher
than in the summer season. In addition, the removal of nitrate in
CW-MFC remained in the range of 85.0e92.5%. This suggests that
the CW-MFC reactor possesses an advantage for nitrate removal
from wastewater by simultaneous biological and chemical denitriﬁcation (Clauwaert et al., 2007; Vymazal, 2007). Compared with
the bacterial communities in CW systems, the relative abundance
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of EAB was shown to be predominantly at the anode (Lu et al., 2015;
Wang et al., 2017a). EAB are known to be able to desulphurize and
to denitrify. Also the relative abundance of denitrifying bacteria
(such as Desulfovibrio and Dechloromonas) in a CW-MFC with an
anode amended with nZVI higher than in the corresponding CWMFC (section 3.4). This may be the reasons, why the removal efﬁciency of nitrate in the FN-nZVI and CFF-nZVI reactors was slightly
higher than in the FN and CFF systems.
3.4. Bacterial diversity and community distribution
To gain insight in the bacterial distribution responsible for the
removal of nitrogen, phenanthrene and anthracene in the anodesphere of the CW-MFCs, high throughput sequencing analysis
was used. As shown in Table S2, from the four samples were 1711121703 high-quality sequences collected at the end of the experiment. The number of OTUs ranged from 1675 to 2858. ACE and
Chao indexes were used to evaluate the richness of the bacterial
community (Ebrahimi et al., 2010). The use of nZVI is enhancing the
microbial richness of the CW-MFC with FN as anode material, while
the richness of the bacterial community in the CW-MFC with a CFF
anode amended with nZVI was lower than that of the CW-MFC
with CFF. Shannon and Simpson estimators contain information
about the richness and evenness of bacterial communities (Lu et al.,
2015). The bacterial diversity evaluated by the Shannon estimator

Fig. 6. The relative abundance of bacterial community at phylum (a) and class (b) level at anode of FN, FN-nZVI, CFF, and CFF- nZVI reactor.
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indicated a similar trend like the ACE and Chao indexes. Obviously,
the response of the bacterial communities to nZVI on FN or CFF
anode material is signiﬁcantly different.
At the phylum level [Fig. 6(a)], the main groups are Proteobacteria (average 39.7%), Firmicutes (average 15.2%), Bacteroidetes
(average 14.9%), Actinobacteria (average 9.9%) and Spirochaetes
(average 6.5%). Speciﬁcally, the relative abundance of the phylum
Proteobacteria was in the CW-MFC with an anode without nZVI
about 7.5% higher than in an CW-MFC with FN- nZVI or CFF- nZVI.
However, the relative abundance of the phylum Firmicutes in the
CW-MFC with FN or CFF as anode material was 4.0e20.0% lower
than in the CW-MFC with nZVI. In addition, the relative abundance
of Bacteroidetes and Actinobacteria in the FN-nZVI reactor was 5.3%
and 22.6% higher than in FN system, respectively. The relative
abundance of Spirochaetes in the four reactors were 10.9%, 5.9%,
5.0% and 4.0%, respectively. The bacterial community distribution at
class level indicates the occurrence (average relative abundance>1%) of Betaproteobacteria, Bacteroidia, Bacilli, Gammaproteobacteria, Deltaproteobacteria, Actinobacteria, Spirochaetes,
Clostridia, Erysipelotrichi, Flavobacteriia, Holophagae, Planctomycetia, Alphaproteobacteria, and Thermoleophilia as shown in Fig. 6(b).
For the FN and CFF reactors, the relative abundance of Bacteroidia,
Bacilli, Actinobacteria and Deltaproteobacteria anodes amended
with nZVI an increase of abundance is noted. However, the relative
abundance of some classes, like Betaproteobacteria, Spirochaetes
and Flavobacteriia, became apparently reduced if anodes amended
with nZVI were used.

The bacterial community distribution at genus level is presented
in Fig. 7. A high abundance (average relative abundance>1.0%) of
Bacillus, Treponema, Propionicimonas, Paludibacter, Zoogloea, Pseudomonas, Desulfovibrio, Geobacter, Dechloromonas, Geothrix, Lactococcus, Uliginosibacterium and Cloacibacterium was found.
According to the distance matrix analysis, the bacteria at the anode
in the FN and FN-nZVI reactors show a quite high similarity.
However, the relative abundance of the genus Bacillus, Clostridium,
Paenibacillus and Ptopionivibtio in the sample for CFF-nZVI was
higher than for the CFF reactor. In addition, the CW-MFC of the
anode with nZVI showed a higher relative abundance of the genus
Bacillus, Paludibacter, Desulfovibrio and Lactococcus as compared
with the corresponding CW-MFC system.
It has been demonstrated that the biodiversity of the bacterial
community around a CFF anode in a CW-MFC is higher than in a FN
reactor (Wang et al., 2017b). In addition, it is interesting that the
application of nZVI to the anode causes a reduction of biodiversity
in the CFF reactor and an enhancement in the FN system. This result
is caused by the increased abundance of Firmicutes in FN reactor
(Wang et al., 2017b). Finally, the richness of biodiversity in the CFFnZVI system is lower than in the CFF reactor.
It has been reported that the EAB community is mainly consisting of the phyla Proteobacteria and Firmicutes (Lu et al., 2015). In
this study the relative abundance of the Proteobacteria and Firmicutes respectively in FN-nZVI or CFF-nZVI is higher than in the
corresponding CW-MFC system. The genus Bacillus is known to be
electrogenic and able to degrade aromatic compounds and to

Fig. 7. Heat map graph of hierarchy cluster for the top 50 genera at anode of FN, FN-nZVI, CFF, and CFF- nZVI reactor.
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excrete enzyme catalase (Baran et al., 2004; Kocabas et al., 2008).
For the biodegradation of phenanthrene and anthracene, Fe3þ may
be used as the catalyst to strengthen the activities of enzyme
catalase (Spuhler et al., 2010). In addition, the enzyme dioxygenase
contains an iron-sulfur centers (Fe2S3) (Ochiai, 1997), is also
considered as an important enzyme to breakdown complex organic
compounds. Therefore, the use of nZVI may have a positive effect on
the metabolic activity and relative abundance of Bacillus species. A
similar trend has also described for the genus Paludibacter, Desulfovibrio and Lactococcus. According to the distance matrix analysis
the bacterial distribution in the four reactors was slightly different.
This may have been an effect of the FN, which could have delivered
trace elements conducive for the growth of some bacteria. This
have a positive effect for adaptation of EAB and promote
bioelectricity generation and biodegradation pathway of
contaminant.
4. Conclusion
In the present study, we investigated the degradation pathway
of phenanthrene and anthracene as model compounds for recalcitrant pollutants by CW-MFC is with anodes amended with or
anodes without nZVI. The removal efﬁciency for phenanthrene and
anthracene ranged from 88.5% to 96.4%. The results indicate that
EAB microorganisms play an important role in the removal of these
compounds. Measurements of phenanthrene and anthracene concentrations in the roots, stems and laminas of T. orientalis reveal
that also phytoextraction and phytotransformation participate in
the removal. Furthermore, bioelectricity generation and nitrogen
removal were also promoted in CW-MFCs by the application of
nZVI. The analysis of the bacterial community distribution indicates
an enhancement of the abundance of Bacillus, Paludibacter, Desulfovibrio and Lactococcus species, who have a high degradation
capability for recalcitrant pollutants.
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