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Abstract
A microbial fuel cell coupled with constructed wetland (CW-MFC) was built to remove heavy metals (Zn
and Ni) from sludge. The performance for the effects of substrates (granular activated carbon (GAC),
ceramsite) and plants (Iris pseudacorus, Water hyacinth) towards the heavy metal treatment as well as
electricity generation were systematically investigated. The CW-MFC systems possessed higher Zn and Ni
removal e�ciencies as compared to CW. The maximal removal rates of Zn (76.88%) and Ni (66.02%)
were obtained in system CW-MFC based on GAC and Water hyacinth (GAC- and WH-CW-MFC).
Correspondingly, the system produced the maximum voltage of 534.30 mV and power density of 70.86
mW·m-3, respectively. Plant roots and electrodes contributed supremely to the removal of heavy metals,
especially for GAC- and WH-CW-MFC systems. The coincident enrichment rates of Zn and Ni reached
21.10% and 26.04% for plant roots, 14.48% and 16.50% for electrodes, respectively. A majority of the
heavy metals on the sludge surface were con�rmed as Zn and Ni. Furthermore, the high-valence Zn and
Ni were effectively reduced to low-valence or elemental metals. This study provides a theoretical
guidance for the optimal construction of CW-MFC and the resource utilization of sludge containing heavy
metals.

Highlights
a. Six lab-scaled CW-MFCs were constructed to remove Zn and Ni from sludge.

b. GAC and Water hyacinth boosted the heavy metal removal and bioelectricity generation.

c. High-valence Zn and Ni were effectively reduced to low-valence or elemental metals.

d. The �ndings may be extended to the treatment of refractory heavy metals from excess sludge.

Introduction
Biotechnology, as an e�cient sewage treatment method, has been widely applied to the municipal
sewage plant. However, these biological processes are reported to form large amounts of excess sludge
with complicated ingredients (Ke et al. 2012). As a result, the handling and disposal of sludge requires a
lot of �nancial and material capabilities of municipal sewage plant (Qian et al. 2016). It is therefore
imperative to develop affordable and effective technologies to enable a su�cient disposal of sludge.
Several strategies, including bioleaching (Chen and Cheng 2019), chemical extraction (Liu et al. 2018b),
electrokinetics (Gao et al. 2013), hydrothermal carbonization (Liu et al. 2018a), etc., emerged for heavy
metal removals or pathogen disinfection from sludge. The chemical utilization or complex operation of
these techniques gave rise to the limitation for effective sludge treatment (Hu et al. 2021). Due to its high
chemical energy, a sustainable development proposal was also put forward by utilizing sludge as
renewable energy source to the land (Zhou et al. 2020). Nevertheless, the accumulation of heavy metals
in the sludge generated by wastewater treatment processes caused potential risks to animals and
humans through the food chain, thereby limiting the application of sludge (Shamsollahi et al. 2019, Yang
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et al. 2013). Therefore, the development of cost-effective and energy-neutral technologies is currently the
most desired approach (Gupta et al. 2021).

Constructed wetlands (CWs) were designed to simulate the natural puri�cation of pollutants by the
wetland plants, substrates and microorganisms (Shen et al. 2018). CWs displayed potential applicability
for the treatment of sludge containing heavy metals because of its simple technological process, low
operation cost and good puri�cation capacity (Fan et al. 2013, Zhong et al. 2020). For instance, a sludge
treatment wetland with ventilation was conducted by scholar to analyze the removal and fate of heavy
metals from excess sludge (Meng et al. 2020). However, the anaerobic conditions in the lower sections of
CWs resulted in the slow decomposition of organic matters and lack of favorable electron acceptors
(Srivastava et al. 2017). As a consequence, high concentration of sludge organics was not only
underutilized in CW process, but also increased its operating load.

Microbial fuel cell (MFC), as a promising puri�cation technology, has been applied to boost the
performance for the removal of heavy metals (Xu et al. 2019). 80 mg·L−1 of Cr(VI) was reported to be
completely removed within 72 h and bio-electrochemically reduced to nontoxic Cr(III) in a dual chamber
MFCs (Li et al. 2018). The device MFCs required anode (anaerobic) and cathode (aerobic) regions, which
was highly matched with CWs (Xu et al. 2021). On this basis, an integrated CW-MFC biotechnology was
of great signi�cance for enhancing the wastewater treatment containing heavy metals (Xu et al. 2019,
Zhong et al. 2020). A removal study of Pb(II) by CW-MFC displayed that the removal rate was up to 85%
with a maximum power density of 7.432 mW·m-3 (Zhao et al. 2020). In another study, approximately 91%
removal of Cr(VI) was obtained in CW-MFC under the optimal operating conditions (Mu et al. 2020).

Substrate and plant types were considered as important parameters for optimizing CW-MFCs (Di et al.
2020, Ge et al. 2020). The addition of optimal substrate to the CW-MFCs had been reported to enhance
strongly the treatment of pollutants and prolong the running period (Wang et al. 2020). Plant roots were
capable of removing pollutants directly from wastewater by adsorption and enrichment (Zhou et al.
2018). Meanwhile, root exudates could provide carbon and energy source for the growth of rhizosphere
microorganisms (Wang et al. 2017). However, detailed information about the heavy metal removal from
sludge by CW-MFCs, based on substrate and plant types, is still scarce.

Herein, six lab-scaled CW-MFCs were constructed to investigate the performance of substrate and plant
types on the removal of heavy metals (Zn and Ni). The power generation and other electrochemical
indices were determined by a paperless recorder (MIK-9600). XRD analysis was used to characterize the
migration and transformation of Zn and Ni in CW-MFCs. The �ndings in this study will provide guidance
for the optimal construction of CW-MFC and the resource utilization of sludge containing heavy metals.

Materials And Methods
2.1 CW-MFC construction and untreated sludge
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Vertical lab-scaled CW-MFC systems were built as polyacrylic plastic columns with an inner diameter of
15 cm and a height of 40 cm. From the bottom upward, the device was �lled up as follows: a support
layer, an anode layer, a separation layer and a sludge layer. Carbon clothes incorporating stainless steel
meshes were embedded into the anode and sludge layer to serve as the anode and cathode (12 cm
apart), respectively. The external circuit was connected to the 1000 Ω resistance by the copper wire. The
untreated sludge was the mixture in 1:1 (v/v) ratio of the anaerobic and industrial sludge collected from
sewage treatment plant and automobile enterprise in Wuhu, Anhui, China. Detailed CW-MFC construction
and the properties of the untreated sludge were described previously (Liu et al. 2020b).

2.2 Experimental operation

Granular activated carbon (GAC) and ceramsite (3-5 mm in diameter, respectively) were selected as �llers
for the anode layer to evaluate the effect of substrate types on the performance of CW-MFC. Additionally,
the emergent plant Iris pseudacorus and �oating plant Water hyacinth were irrigated with tap water for
one week, and then transplanted into the sludge layer to remove the heavy metals. For the purpose of this
work, six CW-MFC devices were prepared and divided into two groups in this experiment. CW, the
traditional constructed wetland, was set as the blank control �lled with GAC. NP-CW-MFC was built with
GAC in the anode layer but without any plant materials. GAC- and CER-CW-MFC were respectively filled
with granular activated carbon and ceramsite in the anode layer, and planted with Water hyacinth in the
sludge layer. Plant materials (Iris pseudacorus and Water hyacinth) were respectively transplanted into
the CW-MFC system to prepare the IP- and WH-CW-MFC system.

At the start-up period, the anaerobic sludge collected from sedimentation tank of Zhujiaqiao Wastewater
Treatment Plant (Wuhu, Anhui, China) was mixed with nutrient solution in 1:1 (v/v) ratio and
subsequently inoculated into the CW-MFCs (Wang et al. 2019). The nutrient solution consisted of (L-1):
C6H12O6 0.4717 g, KH2PO4 0.9 g, K2HPO4·3H2O 0.68 g, NH4Cl 0.1 g, CaCl2 0.1 g, EDTA 0.1 g, MgCl2·6H2O
0.1 g, MnSO4·H2O 0.2 mg, CoCl2·6H2O 2.4 mg, CuCl2·2H2O 1 mg, FeCl2 1 mg and ZnCl2 5 mg. After a 2-
week adaptation period, the untreated sludge was added into the CW-MFC systems. The COD of anode
liquor was monitored at regular intervals and kept around 500 mg/L by the addition of glucose. Anolyte
and sludge samples were collected in triplicate every 4 days. The concentration of heavy metals as well
as physiochemical indexes, including pH and oxidation-reduction potential (ORP), were tested
immediately after sampling. Finally, the plant and electrode were sampled for heavy metal determination.
All the CW-MFCs were exposed to the room temperature of 20-30 ℃.

2.3 Analytical methodology

2.3.1 Determination and valence analysis of heavy metals

Sludge and plant (roots, stems and leaves) samples were dried at 105°C for 24 h and then were ground
into powder. 0.2 g and 0.15 g of sieved sludge and plant were respectively digested with 10 mL aqua
regia (HNO3·3HCl), 5 mL HClO4 and 2 mL concentrated H2SO4 in a PTFE tube for 24 h. Then the digestion
tubes were respectively heated at 185 ℃ for 3 h and 205 ℃ for 7 h by the COD rapid digestion apparatus
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(SN-102A, Sunde Environmental Protection Technology Ltd., China). The cooled digestion solution were
passed through the �lter membrane (0.45 μm) to eliminate impurities and then diluted to 50 mL. The
sludge leachate and aqua regia soaked with electrodes also underwent such �ltration and constant
volume operation. Finally, the concentrations of heavy metals in digested sludge and plant samples, as
well as in sludge leachate and soaking solution were determined by a �ame atomic absorption
spectrometer (TAS-990, Purkinje General Instrument Ltd., China) (Liu et al. 2020b). The chemical forms of
the elements on the surface of sludge were characterized by X-ray photoelectron spectroscopy (XPS, AXIS
NOVA, Shimadzu, Japan).

2.3.2 Water quality determination

COD was tested by the fast digestion spectrophotometric method (HJ/T399-2007). The pH and ORP were
measured using a portable pH/ORP meter (PHB-4, Shanghai Leici).

2.3.3 Measurement of electrical performance

The voltage date across the external resistor was collected by a paperless recorder (MIK-9600). The
current density (I, mA/m-3) and power density (P, mW/m-3) were calculated according to the equations 

 and , where U, R and V indicate the voltage (V), electric resistance (Ω) and effective
working volume of anode (m3), respectively. When the bioelectrogenesis entered the stable period, the
power density and polarization curves were measured by varying the external resistance over a range of
100-10,000 Ω to acquire the corresponding voltage. Then the curves were obtained by plotting the voltage
or power density versus current density.

2.4 Data analysis

In this study, the removal rate was calculated and the curves in the figures were plotted in Origin 8.5 from
the mean values of 6 batches. In addition, XPS Peak 4.1 software was used for valence analysis of heavy
metals.

Results And Discussion
3.1 Effect of substrate and plant types on pH and ORP

The pH values of anode solution in CW-MFC systems ranged from 6.70 to 7.08 (Table 1), indicating that
CW-MFCs possessed better performance in microneutral environment. It was noted that the CW-MFCs
�lled with GAC presented a weak acidity (<7.0). Hence, CW-MFCs played a similar role in regulating the pH
of anode area in comparison with CW reactor, especially for systems based on GAC.

ORP re�ected the macroscopic oxidation-reduction behavior of all substances in aqueous solution. It was
considered as the crucial parameter to monitor the anode anaerobism and cathode aerobism, which
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affected the pollutant removal and energy recovery in the CW-MFC (Doherty et al. 2015). According to
Table 1, the redox gradient of anode and cathode were arranged as follows: GAC-CW-MFC WH-CW-MFC
CER-CW-MFC IP-CW-MFC CW NP-CW-MFC. Therefore, GAC had more advantages over ceramsite to
maintain a higher redox gradient. The presence of plants exhibited a positive effect on the redox gradient
of CW-MFC, which was consistent with the previous report (Teoh et al. 2020). This was mainly a result of
the increased surface availability of the microorganism bio�lm and the release of oxygen to the
rhizosphere through photosynthesis by the wetland plants (Di et al. 2020). Notably, Water hyacinth was
superior to Iris pseudacorus in enhancing the redox gradient. It might be that the immoderate elongation
caused by Iris pseudacorus roots destroyed the anaerobic environment and resulted in the high anode
ORP (Liu et al. 2014).

Table 1 pH and ORP of different CW-MFC system.

Parameters CW NP-CW-
MFC

GAC-CW-
MFC

CER-CW-
MFC

WH-CW-
MFC

IP-CW-
MFC

Anode pH 6.88 6.84 6.70 7.08 6.92 6.83

Anode ORP (mV) -125 -132 -254 -221 -205 -152

Cathode ORP
(mV)

102 93 128 105 151 143

ORP gradient
(mV)

227 225 382 326 356 295

Note: CW: traditional constructed wetland; NP-CW-MFC: CW-MFC without any plant materials; GAC-CW-
MFC: CW-MFC �lled with granular activated carbon in the anode layer; CER-CW-MFC: CW-MFC �lled with
ceramsite in the anode layer; WH-CW-MFC: CW-MFC planted with Water hyacinth in the sludge layer; IP-
CW-MFC: CW-MFC planted with Iris pseudacorus in the sludge layer.

3.2 Bioelectricity generation of CW-MFCs

3.2.1 Output voltage

The real-time output voltage and the maximum voltage of CW-MFC systems operated in the closed-circuit
mode were monitored during the experiment period. As evident in Fig. 1, the output voltage of each
system presented an obvious cyclical trend from increase to decrease during the �rst 40 days with the
injection of nutrient solution. This might be attributed to the increased nutrient requirements of the
electricigens caused by the nutrient solution, which was conducive to the system productivity. When the
experiment entered the later period, the output voltage was basically stable due to the stability of CW-
MFC systems.

GAC-CW-MFC produced a maximum voltage of 534.30 mV, which was about 70.62% higher than that of
assay CER-CW-MFC (Table 2). Ceramsite had been reported to inhibit the growth of electrochemically



Page 7/19

active bacteria as a result of its high iron content (Zhong et al. 2020). In contrast, the high conductivity of
GAC made it more conducive to electron transfer, thereby exhibiting better electrical properties. Therefore,
GAC might be more suitable for the growth of exoelectrogens in comparison to the ceramsite. The
maximum voltages of NP-CW-MFC, WH-CW-MFC and IP-CW-MFC were 155.40, 537.64 and 250.52 mV,
respectively. Obviously, the presence of plants, especially for water hyacinth, was conductive to boosting
the power generation. A CW-MFC study of Acorus calamus was reported to produce a relatively low
voltage and root exudation rate, and its exudation components had a signi�cant impact on the
distribution of microbial colonies in the system (Liu et al. 2020a). Thus, it might be speculated that the
root effect of water hyacinth in CW-MFC could provide more organic matter for the growth of
electrochemically active bacteria as compared to Iris pseudacorus.

Table 2 The power generation performance of different CW-MFC systems.

Systems Maximum voltage

(mV)

Internal resistance

(Ω)

Maximal power density

(mW·m-3)

NP-CW-MFC 155.40 683.58 0.86

GAC-CW-MFC 534.30 587.98 70.86

CER-CW-MFC 313.21 787.90 16.66

WH-CW-MFC 537.64 533.85 27.91

IP-CW-MFC 250.52 583.43 9.88

3.2.2 Polarization curves and internal resistance analysis

During the stable operation period, the power density and polarization curves of CW-MFCs were measured
(Fig. 2). The results indicated that the power output differed markedly by the addition of substrates and
plants among the �ve systems. Especially, the systems NP-CW-MFC, GAC-CW-MFC, CER-CW-MFC, WH-
CW-MFC and IP-CW-MFC reached the maximal power densities of 0.86, 70.86, 16.66, 27.91 and 9.88
mW·m-3, respectively (Table 2). Polarization curves provided valuable information about the activation,
ohmic and concentration losses which adversely affect the electrogenesis capacity of MFC (Logan et al.,
2006)(Logan et al. 2006, Srivastava et al. 2015). In this experiment, the polarization curve of CW-MFC
with approximate linearity was mainly the ohmic polarization region. The output voltage and polarization
curve decreased linearly with the increase of current density. As a consequence, the apparent internal
resistance of MFCs could be calculated according to the slope of the polarization curve (Table 2).

The system CER-CW-MFC had the highest internal resistance (787.9 Ω), followed by NP-CW-MFC (683.58
Ω), GAC-CW-MFC (587.98 Ω), IP-CW-MFC (583.43 Ω) and WH-CW-MFC (533.85 Ω). Thus, ceramsite
employed as the substrate strongly enhanced the system internal resistance. On the contrary, the
cultivation of plants played an important role in reducing the internal resistance. This effect was
attributed to the fact that plants could increase the number of cathode microorganisms and accelerate
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the oxygen reduction reaction, thereby reducing the internal resistance (Fang et al. 2013). Little difference
in internal resistance of systems WH-CW-MFC and IP-CW-MFC was noted, whereas the maximum voltage
and power density varied remarkably. This might related to the differences of redox gradient caused by
oxygen transfer and anaerobic environment destruction in the roots of two wetland plants (Liu et al.
2014). In conclusion, the root depth and distribution of wetland plants was imperative to be considered to
avoid the breakdown of CW-MFC system (Helder et al. 2010).

3.3 Heavy metal removal from sludge

In order to investigate the effect of substrate and plant types on the removal of Zn and Ni from sludge,
cathode sludge samples from six CW-MFC systems were collected after a two-month operation period. As
viewed in Fig. 3, almost more than 50% removal of Zn and Ni were obtained in six systems. GAC-CW-MFC
produced the maximum Zn and Ni removal e�ciencies of 76.88% and 66.02%, which were respectively
about 25% and 7% higher than that of CW. The micro-electrolysis formed by CW-MFC system and the root
exudates produced by plants were found to stimulate the activity and growth of microorganisms and
wetland plants causing enhanced pollutant removal (Wang et al. 2017). Thus, the CW-MFC in closed
circuit performed superior to that in open circuit (CW) with respect to Zn and Ni removal from sludge.

Upper Zn and Ni removal rates were achieved in GAC-CW-MFC device as compared to CER-CW-MFC,
indicating that GAC enhanced heavy metal removal seriously. Carbonaceous materials, such as activated
carbon and graphite granules, had been proven to possess the large speci�c surface area for the
adhesion and growth of microbes (Fang et al. 2017). Meanwhile, its good electrical conductivity also
contributed to the heavy metal removal performance by facilitating the cathode microbial activity. 60.93%
and 55.91% removal of Zn and Ni were obtained in system NP-CW-MFC, respectively, which were lower
than those in WH-CW-MFC but higher than those in IP-CW-MFC (seen in Fig. 3). It indicated that the heavy
metal removal by CW-MFCs differed remarkably as a result of adding different types of wetland plants.
Among these, Water hyacinth displayed a positive effect due to its high absorption capacity of heavy
metals and the catalysis on microbial metabolism (Saz et al. 2018).

3.4 Migration and transformation of heavy metals

3.4.1 Migration of Zn and Ni

As shown in Table 3, the enrichment capacity of Zn and Ni in roots of each system was stronger than that
in stems and leaves. It was speculated that heavy metals could be directly absorbed by the roots
immersed in the sludge, whereas needed to be transported to the stems and leaves. The enrichment rates
of Zn and Ni reached 13.75% and 11.95% for CW, 29.8% and 19.59% for GAC-CW-MFC, 13.76% and
12.04% for CER-CW-MFC, respectively. Obviously, the integration of a MFC could enhance the enrichment
of Zn and Ni in CWs. Apparent differences in the enrichment of heavy metals in presence of different
wetland plants were also noted. The plant biomass of GAC-CW-MFC was approximately 0.03 and 0.04 g
higher than that of CW and CER-CW-MFC, respectively. On one hand, micro-current environment was
bene�cial to the growth of plants to some extent (Zhou et al. 2018). On the other, more biomass
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production in CW-MFCs could generate more bioelectricity and improve the aerobic microbial activity,
thereby facilitating the pollutant removal (Di et al. 2020). The enrichment of heavy metals in system WH-
CW-MFC was much higher than that in IP-CW-MFC, while the biomass presented the opposite results.
This abnormal phenomenon might be owing to the fact that Iris pseudacorus rooted beneath the sludge
layer during the experiment, which greatly reduced its absorption and metabolism of Zn and Ni from
sludge. Hence, the wetland plant Water hyacinth with good anti-sludge performance could be considered
as candidate against potential toxic effects of sludge.

Table 3 The enrichment of heavy metals by plants in each system.

Systems Dry weight (g) Heavy
metal

Content (mg·kg-1) Enrichment rate (%)

Roots Stems and
leaves

Roots Stems and
leaves

Roots Stems
and
leaves

CW 0.2136 0.5274 Zn 750.00 364.00 9.26 4.49

Ni 355.33 122.71 8.88 3.07

GAC-CW-
MFC

0.2284 0.5457 Zn 1790.00 623.90 22.10 7.70

Ni 579.28 204.50 14.48 5.11

CER-CW-
MFC

0.2156 0.5198 Zn 871.00 243.62 10.75 3.01

Ni 360.02 121.40 9.00 3.04

WH-CW-
MFC

0.2398 0.5546 Zn 1709.50 615.32 21.10 7.60

Ni 546.00 199.20 13.65 4.98

IP-CW-
MFC

1.6207 1.7588 Zn 832.10 221.12 10.27 2.73

Ni 390.40 142.44 9.76 3.56

Heavy metals (Zn and Ni) were enriched not only by the plants, but also near the cathode to achieve the
removal. The enrichment properties of Zn and Ni for each system cathode were presented in Fig. 4. GAC-
CW-MFC cathode showed the highest enrichment rates of Zn and Ni (27.16% and 15.13%, respectively) in
comparison with NP-CW-MFC and CER-CW-MFC cathode. This con�rmed that the heavy metal removal in
CW-MFCs occurred more readily by GAC addition than by the ceramsite. Additionally, water hyacinthe
contributed more to the enrichment of Zn and Ni on the cathode as compared to Iris pseudacorus.

3.4.2 Chemical form transformation of Zn and Ni

As presented in Fig. 5, the main peaks observed at 285 and 531 eV corresponded to the C1s and O1s
bands, respectively. Simultaneously, the addition peaks detectable at 853 and 1022 eV were attributed to
Ni 2p and Zn 2p. C1s was caused by exposure to the small molecules in CO2, air and water. The high
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peak position (531 eV) of O1s was attributed to the high oxygen content of sludge at the system cathode,
and classi�ed as the peak of chemisorbed oxygen on the surface (Ahmed et al. 2013).

Zn2p and Ni2p spectrograms of the sludge treated by different substrates and plants were displayed in
Fig. 6. The Zn 2p3/2 peaks were relatively sharp and exhibited at binding energy characteristic (i.e.
1021.3 eV and 1021.7 eV) of Zn and Zn2+ (Blumentrit et al. 2011, Wu et al. 2017). The binding energy of
Zn 2p1/2 was located at 1045.0 eV. These results indicated that Zn mainly combined with oxygen in the
form of Zn2+, namely ZnO (Morozov et al. 2015). Six separated peaks at 853.4, 855.3, 856.342, 872.4,
872.6 and 873.6 eV were observed for metallic Ni (2p3/2), NiO (2p3/2), Ni(OH)2 (2p3/2), metallic Ni
(2p1/2), NiO (2p1/2) and Ni(OH)2 (2p1/2), respectively (Pattanayak et al. 2019, Vivet et al. 2020). After a
60-day operation period, the satellite peaks of Zn2p and Ni2p became smaller, especially in systems GAC-
CW-MFC and WH-CW-MFC, indicating that the high-valence Zn and Ni were continuously reduced to low-
valence or elemental substances (Liu et al. 2015).

The peak positions of Zn2p and Ni2p had scarcely any displacement during the operation. The binding
energies of Zn2p and Ni2p shifted slightly to the direction of higher ones accompanied by optimizing the
substrate and plant types. The Zn and Ni contents on the sludge surface decreased due to their formation
of metal oxides (Sheng et al. 2011). In summary, the obtained XPS results would provide evidences in
proving the reduction and removal of metal ions on the cathode by gaining the electronics (Liu et al.
2019).

Conclusions
The impacts of different substrates and plants towards the heavy metal (Zn and Ni) treatment of sludge
as well as electricity generation in CW-MFCs were evaluated. Among these, GAC and Water hyacinth was
respectively the most effective promoter. In the corresponding CW-MFCs, plant roots and electrodes were
con�rmed to play major roles in the migration of Zn and Ni. The main heavy metals on the sludge surface
were analyzed as Zn and Ni. Besides, the high-valence Zn and Ni were effectively reduced to low-valence
or elemental metals. Our �ndings provide a theoretical guidance for the resource utilization of municipal
sludge. Besides, the CW-MFC signi�es its potential application prospects in the removal of heavy metals
from sludge.
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Figure 1

Output voltages of different CW-MFC systems.

Figure 2

Polarization curves of different substrates (a) and wetland plants (b).
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Figure 3

Effect of different substrates and wetland plants on the removal of Zn and Ni from sludge. Data were
shown as Mean±SE of 3 replicates.
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Figure 4

The enrichment rates of heavy metals in each system cathode. Data were shown as Mean±SE of 3
replicates.

Figure 5

XPS full spectrum of the original sludge and the sludge treated by different substrates (a) and plants (b).
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Figure 6

Zn2p and Ni2p spectrograms of the original sludge and the sludge treated by different systems.


