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) and p-chlorophenol and
generation of electricity using constructed
wetland-microbial fuel cells based on Leersia
hexandra Swartz: p-chlorophenol concentration
and hydraulic retention time effects†

Yian Wang, ab Xuehong Zhangab and Hua Lin*ab

Heavy metals and phenolic compounds existing in polluted wastewater are a threat to the environment and

human safety. A downflow Leersia hexandra Swartz constructed wetland-microbial fuel cell (DLCW–MFC)

was designed to treat polluted wastewater containing Cr(VI) and p-chlorophenol (4-CP). To determine the

effect of 4-CP concentration and hydraulic retention time (HRT) on the performance of the DLCW–MFC

system, the wastewater purification, electricity generation, electrochemical performance, and L.

hexandra growth status were studied. Addition of 17.9 mg L�1 4-CP improved the power density (72.04

mW m�2) and the charge transfer capacity (exchange current, 4.72 � 10�3 A) of DLCW–MFC. The

removal rates of Cr(VI) and 4-CP at a 4-CP concentration of 17.9 mg L�1 were 98.8% and 38.1%,

respectively. The Cr content in L. hexandra was 17.66 mg/10 plants. However, a 4-CP concentration of

35.7 mg L�1 inhibited the removal of Cr(VI) and the growth of L. hexandra, and decreased the electricity

generation (2.5 mW m�2) as well as exchange current (1.21 � 10�3 A) of DLCW–MFC. An increase in

power density and removal of Cr(VI) and 4-CP, along with an enhanced transport coefficient of L.

hexandra, was observed with HRT. At an optimal HRT of 6.5 d, the power density, coulomb efficiency,

and exchange current of DLCW–MFC were 72.25 mW m�2, 2.38%, and 4.99 � 10�3 A, respectively. The

removal rates of Cr(VI) and 4-CP were 99.0% and 78.6%, respectively. The Cr content and transport

coefficient of L. hexandra were 4.56 mg/10 plants and 0.451, respectively. Thus, DLCW–MFC is

a promising technology that can be used to detoxify polluted wastewater containing composite mixtures

and synchronously generate electricity.
1. Introduction

In practice, both Cr(VI) and p-chlorophenol (4-CP) are present in
industrial wastewater. Chromium in water exists as Cr(III) and
Cr(VI) forms. Cr(VI) is highly soluble and mutagenic compared
with Cr(III), thereby inducing severe toxicity in plants and
humans.1 4-CP is the typical refractory chlorophenol found in
water as a pollutant, which can adversely affect human health.
Studies have investigated the toxicity of Cr(VI) and 4-CP.
Currently, electrochemical treatment, nanoltration and
advanced oxidation are the methods primarily used to treat
Cr(VI) and polluted water containing composite mixtures of
neering, Guilin University of Technology,
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the Royal Society of Chemistry
phenolic compounds.2–4 However, these treatment methods are
expensive and complex for large-scale application.

Constructed wetland (CW) is effective in removing phenols
or Cr(VI).5,6 The hyperaccumulator Leersia hexandra has been
used to remove Cr.7 Liu et al. found that the lack of electrons
reduces the efficiency of Cr(VI) reduction to Cr(III), which
decreases the Cr(VI) direct removal rate by L. hexandra and thus
diminishes the chromium removal efficiency of L. hexandra
CW.8 The emergence of microbial fuel cell (MFC) technology is
expected to facilitate Cr(VI) reduction. MFC is effective in
removing 4-CP, phenol or Cr(VI), and phenol is the main
dechlorination product of 4-CP.9–11 Therefore, the combination
of CW and MFC (CW–MFC) has been used to treat single
pollutants.12,13 Fang et al. utilized CW–MFC to treat azo dyes at
a power density of 11.8 mWm�2, and the azo dye decolorization
efficiency was 91.05%.14 Studies also used other technologies
such as biolm electrode reactor-MFC and photocatalytic-MFC
to treat refractory organics and synchronize electricity genera-
tion.15,16 These methods are usually used to treat single refrac-
tory organic compounds or heavy metals and are limited in their
RSC Adv., 2022, 12, 15123–15132 | 15123
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application for detoxication of aqueous environments con-
taining composite mixtures of heavy metals and phenolic
compounds.

Miran et al. reported that the 10–100 mg L�1 4-CP removal
rate was approximately 40% and yielded electricity under
different 4-CP concentrations and lactate as carbon sources in
the MFC anode chamber.17 Phenol can be used as the only fuel
for MFC electricity generation; however, the power output was
only 6 mW m�2. The co-matrix type including glucose and
phenol, azo dye and glucose as carbon sources can be used to
improve electricity generation.15,18 Co-substrates such as
glucose and sodium acetate are essential because electricigens
cannot directly degrade refractory substances to generate elec-
tricity. The presence of a co-substrate facilitates electricity
generation and ensures stability of the coupled system.

A high concentration of phenolic pollutants inhibits plant
growth via endogenous regulation of auxin transport and
enzymatic performance. It inhibits microbial activity and
survival by denaturing proteins and destroying cell
membranes.19,20 The growth and photosynthetic capacity of
plants can affect functions such as release of oxygen, heavy
metal enrichment and transfer, which affect the ability of CW–

MFC to generate electricity and remove pollutants.21,22 Experi-
ments were carried out at specic 4-CP concentrations
controlling the total COD for effective removal of Cr(VI) and 4-CP
and electricity generation. To ensure the stability of the system,
it is necessary to reduce the levels of sodium acetate during
electricity generation using CW–MFC and prevent the waste of
resources when 4-CP is used as a co-substrate. Therefore, the
concentration of 4-CP is one of the critical factors determining
Cr(VI) and 4-CP treatment. Hydraulic retention time (HRT)
affects the performance of CW and MFC. HRT affects the
bacterial community at the CW–MFC anode biolm and the
contact time between microorganisms and wastewater.23 Based
on previous studies, it is useful to investigate whether downow
L. hexandra-based constructed wetland-microbial fuel cell
(DLCW–MFC) can be used to effectively treat polluted water
containing Cr(VI) and 4-CP composites.

In present study, simultaneous Cr(VI) and 4-CP removal by
DLCW–MFC was proposed using a combination of bio-
electrochemical reduction, matrix adsorption, L. hexandra
enrichment and microbial methods. The effect of each critical
parameter including 4-CP concentration and HRT on the
treatment of polluted wastewater containing Cr(VI) and 4-CP
composites was analyzed to ensure electricity generation.
Toward this end, we analyzed the performance of DLCW–MFC
in terms of electricity generation, electrochemical changes,
water quality, plant physiology and biochemical response, as
well as Cr enrichment.

2. Materials and methods
2.1 System setup

The graphite felt (Beijing Jinglongtetan Graphite Factory, Bei-
jing, China) was used to prepare the electrodes including a 2
cm-thick cathode with a 256 cm2 surface and an anode with a 64
cm2 surface. They were soaked in 0.1 mol L�1 HCl for 24 h to
15124 | RSC Adv., 2022, 12, 15123–15132
remove oil stains and metal ion pollutants on the surface, and
cleaned with distilled water. A cheap stainless steel wire mesh (5
mesh 304 stainless steel wire mesh, 0.6 mm steel wire diameter)
was used as a collector soaked in 1 mol L�1 H2SO4 solution for
4 h to remove the surface passivation layer.24 Stainless steel wire
mesh was made into a square with sides measuring 8 cm each
and buried in the anode. It was also made into a size to wrap the
cathode (Fig. 1).

A cylinder measuring 21 cm in diameter and 42 cm in height
was used to construct DLCW–MFC (Fig. 1), with an effective
height of 28 cm. Gravels measuring 0.3 to 0.6 cm in diameter
were used as the support layer weighing 14.15� 0.15 kg in total.
The packing height was 26 cm, which improved the distribution
of wastewater and played a supporting role.25 The total effective
liquid volume of the system was 2.6 � 0.05 L. As a spacer layer
with 10 mm thickness and 21 cm diameter, the glass ber wool
prevents oxygen diffusion from cathode to anode.26 Cylindrical
stainless steel mesh screens (10 mesh, thickness 0.5 mm, no
gravel inside the screen) measuring 3 cm in diameter and 8 cm
in height were inserted into the cathode area on the le and
right sides. Twenty pre-cultured L. hexandra plants were planted
into the cylindrical stainless steel mesh screens.27 A closed
circuit was formed by a copper wire (1 mm diameter) connected
to an anode and a cathode, with a resistance of 2000 U.28 The
liquid level was maintained at the lower surface of the cathode
to form an air cathode.

2.2 Inoculation and initiation of CW–MFC

Sludge was obtained from the Qilidian sewage treatment plant
(Guilin, China). It was used as the original inoculum in the
DLCW–MFC system. The sludge (7 g L�1) was inoculated from
the bottom of the system and lled to the lower surface of the
cathode. The system was operated stably for more than three
months before commencing the experiment. Aer inoculation,
the synthetic solution was continuously pumped through the
peristaltic pump (Leifu BT101L DG10-2, Baoding, China) at 25�
2 �C. The basic ingredients of the 1 L synthetic solution
included 5 mM phosphate buffer solution, 0.1132 g K2Cr2O7,
0.15 g NH4Cl, 0.13 g KCl and 1 mL micronutrient solution. The
preparation of micronutrient solution was reported previ-
ously.29 Different 4-CP concentrations of wastewater were ob-
tained using 4-CP and sodium acetate under a total COD of
300 mg L�1. The pH of the inuent synthetic solution was
adjusted to 6.5 � 0.1. The different operational conditions of
DLCW–MFC are shown in Table 1.

2.3 Electrochemical performance

The output voltage was determined every 30 min using Lab-
Quest mini host and voltage sensor DVP-BTA (Vernier Soware
& Technology, USA). The anode and cathode potentials were
measured using a multimeter (Fluke F18B, Fluke Corporation,
USA). The power density curve was measured based on the
voltage aer 30 min by adjusting the different resistance values.
The coulomb efficiency (CE), dened as the fraction of electrons
used for electricity generation versus the electrons in the start-
ing organic matter, was calculated as described in a previous
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 DLCW–MFC structure diagram (S1, S2 and S3 were sample taps, and the suffix E represents effluent tap).

Table 1 The different operational conditions of DLCW–MFC

Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6

4-CP concentration (mg L�1) 0 17.9 35.7 35.7 35.7 35.7
Sodium acetate concentration (mg L�1) 384.5 346.1 307.6 307.6 307.6 307.6
HRT (d) 1.5 1.5 1.5 2.5 4.5 6.5
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study.30 A three-electrode system of CHI604E electrochemical
workstation (Shanghai Chenhua Instrument Co., Ltd.,
Shanghai, China) was used to perform electrochemical imped-
ance spectroscopy (EIS) as well as construct the cyclic voltam-
metry (CV), linear sweep voltammetry (LSV), and Tafel (TAF)
curves. The CV potential scan speed was 30 mV s�1. The LSV
potential scan range was 0–1.0 V, and the scan speed was 30 mV
s�1. The scanning voltage of TAF was �2.0 to 1.0 V and the scan
speed was 10 mV s�1. The linear tting was performed in the
over-potential range of 0.3–0.5 V,31 and the calculated exchange
current (i0) was calculated by extrapolating the TAF curve to 0 V
overpotential. EIS was performed at 10 kHz to 1 mHz and 5 mV
alternating current signal. The equivalent circuit R(Q(RW)) was
tted with the EIS results. The Nyquist plot was analyzed using
the Nova 2.1.4 soware.
2.4 Water quality analysis

The COD, Cr(VI), total Cr (TCr) and 4-CP levels in the water
samples were determined from the S1E sample tap. The COD
(without ltration) was measured using the Hach's COD
digestion instrument (DRB200, HACH, USA) and COD instru-
ment (DR1010, HACH, USA). The Cr(VI) content in the water was
determined via diphenylcarbonyl hydrazine spectrophotometry
with a maximum absorbance at 540 nm. The TCr in the water
was digested with a 10 mL mixture of H2SO4 and HNO3 (1 : 1, v/
v) at 120 �C and analyzed with an atomic absorption spectro-
photometer (TAS-990F, PERSEE, Beijing, China).8 The water
samples obtained from S1E, S2 and S3 sample taps were used to
measure the oxidation–reduction potential (ORP) using the
© 2022 The Author(s). Published by the Royal Society of Chemistry
S210-S benchtop pH meter (Mettler Toledo, Switzerland). The
water samples from the S3 sample tap were used to determine
the hydrogen peroxide (H2O2) content using the H2O2 content
detection kit (Solarbio Life Sciences, Beijing, China). These
water sample measurements were performed in triplicate aer
determining the electrochemical performance indices.

The 4-CP content was determined via high performance
liquid chromatography (HPLC) (LC-2030C-3DPLUS, SHI-
MADZU, Japan). A symmetric C-18 column (5 mm, 4.6� 250 mm
column) was used at a temperature of 30 �C. A methanol/water
mixture (70 : 30, v/v) was used as the mobile phase. The mobile
phase ow rate was 1 mL min�1 during the analysis, and the
sample injection volume was 20 mL. The detection was per-
formed at 280 nm.17 The standard sample of 2 g L�1 4-CP was
ltered with 0.45 mm PVDF and PTFE ltration membranes
(Tianjin Jinteng Experimental Equipment Co., LTD., China) to
analyze the role of lter membrane. An appropriate lter
membrane was selected to determine the 4-CP content in the
effluent (S1E sample tap) of DLCW–MFC.
2.5 Physiological and biochemical response and Cr
enrichment of L. hexandra

The planting cycle of L. hexandra was 15 d. The plants were
divided into roots, stems and leaves aer cleaning. The root was
cleaned with 10 mmol L�1 EDTA–Na2 using an ultrasonic
cleaner to desorb the heavy metals on the root surface. Each
tissue was dried at 105 �C for 30 min and then at 70 �C to
constant weight to measure the plant height, root length and
biomass (dry weight).32 A 0.5 g tissue sample was heated and
RSC Adv., 2022, 12, 15123–15132 | 15125
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Fig. 2 (a) COD, (b) 4-CP, (c) Cr(VI) and (d) TCr removal rates at different concentrations of 4-CP.

Fig. 3 SEM image of (a) raw graphite felt and (b) anode biofilm of the
DLCW–MFC.
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digested with 15 mL aqua regia to determine Cr content using
TAS-990F, and the transport coefficient (TF) was calculated as
described in a previous study.33 The Cr enrichment in above-
ground and underground parts was calculated based on the
tissue biomass. 0.1 g of fresh leaves were used to measure the
chlorophyll a, chlorophyll b and carotenoid levels of L. hexandra
using the acetone method.34 The total phenolic content of the
plant leaves was determined using the Folin–Ciocalteu
method.35
3. Results and discussion
3.1 Effects of 4-CP concentrations on wastewater treatment,
electricity generation and L. hexandra growth

The effects of 4-CP concentration on the COD, 4-CP, Cr(VI) and
TCr removal rates were investigated (Fig. 2). The Cr(VI) removal
rates at stages 1, 2 and 3 were 98.9%, 98.8% and 87.9%,
respectively, while the TCr removal rates were 93.3%, 81.2% and
58.5%, respectively, indicating that high concentrations of 4-CP
inhibited the removal of Cr(VI) and TCr. The high concentration
15126 | RSC Adv., 2022, 12, 15123–15132
of phenolic compounds inhibits the growth and activity of
plants and microorganisms.36,37 The 4-CP removal rate was
36.5% at stage 3, which was lower than in stage 2, due to the
decreased removal efficiency of Cr(VI) and TCr, and the negative
effects caused by the high concentration of 4-CP. The COD
removal rate at stage 2 (59.6%) was slightly higher than at stage
1 (55.1%) and stage 3 (52.9%), which may be attributed to the
low concentration of phenolic compound stimulating the
growth of plants and microorganisms to promote electricity
generation and the degradation of organic matter.38–40 The 4-CP
acts as an oxidant and therefore the ORP of each sample tap at
stage 3 was higher than at stages 1 and 2. Removal of Cr(VI) and
4-CP led to a decline in ORP along the route (Fig. S2†). The ORP
of S1E sample tap at stages 1, 2 and 3 was �83.4 mV, �97.6 mV
and 100.5 mV, respectively, indicating stronger detoxication of
Cr(VI) and 4-CP composites in the polluted water at stage 2 than
at stage 3.

Electricigens can be used as biocatalysts to oxidize carbon
sources and promote electricity generation. The presence of
multiple grooves on the raw graphite felt surface facilitates
bacterial growth and the formation of an effective electrical
biolm on the electrode surface (Fig. 3). Electrochemical
performance and electricity generation were analyzed to explore
the effect of different 4-CP concentrations on the bioelectric
output of DLCW–MFC. CV and LSV curves (Fig. S3a and b†)
indicate that low concentrations of 4-CP enhanced the current
response and charge transfer capacity of the system anode,
because 4-CP is an electron receptor.9 Inux of water at the
cathode reduced the effect of cathode polarization. However,
a high concentration of 4-CP inhibited the electron transfer
capacity and current response, because the water pollutants
cannot be effectively removed within the short HRT, resulting in
serious toxicity. TAF curves (Fig. S3c†) show that the exchange
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Output voltage, (b) cathode and anode potential, (c) power density curves and (d) CE at different concentrations of 4-CP.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

1/
6/

20
25

 3
:0

8:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
current (i0) at stage 2 was 4.72 � 10�3 A, which was higher than
at stage 1 (4.63 � 10�3 A) and stage 3 (1.21 � 10�3 A), indicating
higher kinetic activity of the anode at low concentrations of 4-
CP. The results of EIS (Fig. S3d†) show that the solution resis-
tance (Rs) plus charge transfer resistance (Rp) at stage 2 was 71.3
U, which was lower than at stage 1 (77.8 U) and stage 3 (75.1 U).
The Warburg impedance diffusion resistance (W) at stages 1, 2
and 3 was 0.48 � 10�3 U, 0.55 � 10�3 U and 0.58 � 10�3 U,
respectively. The 4-CP may form larger ionic radii and greater
steric hindrance during movement, compared with sodium
acetate.41,42 The viscosity of 4-CP is higher than that of sodium
acetate, which decreases the local motion and hinders ion
diffusion.43 These results show that the diffusion of ions
generated in the system at the electrode interface is attenuated
and the charge transfer was inhibited by the increased 4-CP
concentration.
Fig. 5 (a) Cr concentrations in roots, stems and leaves and TF and (b)
different concentrations of 4-CP.

© 2022 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. 4a, the electricity generation by DLCW–MFC
at stages 1 and 2 (>500 mV) was better than at stage 3. Anode
electricigens can degrade organic compounds such as phenol
and sodium acetate to obtain electrons,18 reaching the cathode
via an external circuit to generate voltage. Under similar high
current density, the anode potential at stage 2 was lower, while
the cathode potential was higher (Fig. 4b), which is attributed to
the oxidizing effects of Cr(VI) and 4-CP and effective utilization
of electrons at the cathode, thus slowing down the cathode
polarization effect. The decrease in cathode polarization
improves the output power density, and the maximum output
power density at stage 2 was 72.0 mWm�2 (Fig. 4c), higher than
at stage 1 (64.2 mWm�2) and stage 3 (2.5 mWm�2). Miran et al.
reported that an excessively high concentration of 4-CP inhibits
the electricity generation of MFC.17 The system anode had
a higher potential at stage 3, indicating accumulation of
Cr content in aboveground and underground parts of L. hexandra at

RSC Adv., 2022, 12, 15123–15132 | 15127
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Fig. 6 (a) COD, (b) 4-CP, (c) Cr(VI) and (d) TCr removal rates at different HRT.
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excessive positive charge in the anode, and the electricigens
were exposed to specic toxic effects. Therefore, the difference
in power density between stages 1 and 2 was mainly induced by
the cathode performance, and the anode potential played
a major role in power output at stage 3. At stage 3, the H2O2

content at the cathode (Fig. S4†) decreased to 4.59 mg L�1,
mainly due to declining power generation capacity.44 4-CP is
oxidized and degraded by H2O2 and undergoes dechlorination
Fig. 7 (a) Output voltage, (b) cathode and anode potential, (c) power de

15128 | RSC Adv., 2022, 12, 15123–15132
by accepting electrons,17,45 while Cr(VI) can be reduced by the
electrons and H2O2,1,46 further indicating that the inhibition of
electricity generation reduced the detoxication efficiency of
the polluted water. The CE at stage 3 (Fig. 4d) was 0.14%, which
was lower than at stage 1 (0.67%) and stage 2 (0.65%), indi-
cating that the rate of utilization of organic matter by elec-
tricigens at stage 3 was low. By contrast, CE was only 0.1–0.3%
in previous CW–MFC studies.30 Khan et al. reported that the
nsity curves and (d) CE at different HRT.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Cr concentrations in roots, stems and leaves and TF and (b) Cr content in aboveground and underground parts of L. hexandra at
different HRT.
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presence of phenol at the cathode of double-chamber MFC
enhanced electron ux and enhanced the power output;
however, the output power density decreased with the increased
phenol levels, thereby slowing down the overall system perfor-
mance.10 This phenomenon was similar to stages 2 and 3 in this
study.

To effectively recover the heavy metals from the polluted
water, the L. hexandra plants were included in the cathode area
of DLCW–MFC to enrich Cr.32 As shown in Fig. S5,† the total
phenol content of L. hexandra leaves at stages 1, 2 and 3 was
2.77, 3.20 and 2.22 mg g�1, respectively. Generally, the antiox-
idant activity of plants is positively correlated with the total
phenol content in vivo.47 Total phenols can inhibit the conver-
sion of hydrogen peroxide to reactive oxygen species and
promote defense mechanisms to resist toxicity.48 Compared
with stages 1 and 3 (Fig. S6†), stage 2 showed improvement in
plant height, root length, and dry weight of each tissue of L.
hexandra, indicating that low phenolic concentrations
promoted plant growth. This result was similar to the growth
reported by Ibáñez et al.39 With the increase of 4-CP concen-
tration, the toxic effect generated a large number of reactive
oxygen species (ROS), which triggered oxidative damage of
plants and damaged protein and chlorophyll structure and
function.49 The levels of chlorophyll a, chlorophyll b and
Table 2 The electricity generation and pollutants removal performance

HRT (d) Substrate
Inuent COD
(mg L�1) Refractory organics or heavy m

2.5 Sodium acetate 300 35.7 mg L�1 4-CP and 40 mg L

6.5

4 Glucose 500 60 mg L�1 Cr(VI)
0.625 Sodium acetate 880 —
3 — — 10 mg L�1 Zn(II)
3 Glucose 60 5 mg L�1 Pb(II)
7.6 Glucose 262 —
3 Glucose — 300 mg L�1 azo dye ABRX3
3 Glucose 426.8 4 mg L�1 sulfadiazine
0.67 Glucose 426.8 10 mg L�1 bisphenol A

© 2022 The Author(s). Published by the Royal Society of Chemistry
carotenoids at stage 3 decreased by 39.8%, 57.4% and 14.3%,
respectively, compared with those at stage 2. Toxic effects
reduce the levels of chlorophyll a, chlorophyll b and caroten-
oids,50 thereby inhibiting plant photosynthesis and growth.

The Cr concentrations in roots, stems and leaves of L. hex-
andra at stage 2 were 11 401, 2915 and 434 mg kg�1, respectively
(Fig. 5a), higher than at stage 1 at 10 214, 2717 and 454mg kg�1,
respectively and at stage 3 at 11 343, 2960 and 408 mg kg�1,
respectively. These results were higher than those reported
previously including an underground Cr concentration of
785 mg kg�1 and an aboveground level of 297 mg kg�1.7 This
result was mainly attributed to the positive Cr(III) absorption of
L. hexandra.32 Cr(VI) can be converted to Cr(III) viaH2O2, electron
capture and microbial mechanisms, which accumulate large
amounts of Cr in L. hexandra. The Cr content of L. hexandra at
stages 1, 2 and 3 was 13.95, 17.66 and 11.61 mg/10 plants,
respectively (Fig. 5b). Accordingly, the contribution to Cr(VI)
removal of L. hexandra decreased in the following order: stage 2
(3.40%) > stage 1 (2.68%) > stage 3 (2.23%). This is attributed to
variation in plant growth status, which resulted in different
detoxication outcomes and varying levels of electricity gener-
ation.22 This study further contributes to the practical applica-
tions of CW–MFC to treat different types of polluted industrial
wastewater. Considering the decline in output voltage to 90–
of recent CW–MFC studies

etals
Voltage
(mV)

Power density
(mW m�2) Removal rate Ref.

�1 Cr(VI) 516 64.6 4-CP: 42.1% Present study
Cr(VI): 98.5%

543 72.25 4-CP: 78.6%
Cr(VI): 99.0%

545.6 29.8 Cr(VI): 89.6% 52
27–42 2.016 — 58
257 3.87 Zn(II): 98.56% 59
343 7.432 Pb(II): 84.86% 57
— 2–3 — 60
342 11.8 ABRX3: 91.05% 14
472 15.41 Sulfadiazine: 99.9% 61
420 18.43 Bisphenol A: 91.3% 62
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110 mV at stage 3 and the stability, the rate of 4-CP removal at
stage 3 was comparable to that at stage 2, which indicates that
the presence of electricigens in the system and their tolerance to
the inux of synthetic solution containing 35.7 mg L�1 4-CP.
Therefore, 35.7 mg L�1 4-CP was selected for subsequent
experiments.
3.2 Effects of HRT on wastewater treatment, electricity
generation and L. hexandra growth

To effectively remove high concentrations of 4-CP and generate
electricity synchronously, we prolonged HRT to determine its
effect on system performance. The COD, 4-CP, Cr(VI) and TCr
removal rates were improved with increased HRT (Fig. 6). The
COD, 4-CP, Cr(VI) and TCr removal rates at stage 6 were 66.0%,
78.6%, 99.0% and 90.2%, respectively. Wagner et al. reported
that a relatively long HRT (5–7 d) contributed to synergistic
microbial removal of refractory organic matter.51 The effective
removal of materials oxidized with 4-CP and Cr(VI) decreased the
ORP of water (Fig. S7†). The ORP of the S3 sample tap at stage 6
was 28.4 mV, which was lower than at stage 5 (77 mV), indi-
cating that 4-CP and Cr(VI) were removed in large quantities at
the cathode at stage 6. The ORP of S1E sample tap at stages 4, 5
and 6 was �106.5 mV, �130.5 mV and �137.5 mV, respectively,
which were lower than at stage 3 (100.5 mV). This result indi-
cates signicant improvement in the decontamination of
wastewater at stage 4, thereby preventing toxic effects on elec-
tricigens and improving the electricity generation.

The effect of different HRT levels on biological electricity
generation of DLCW–MFC was explored by analyzing the elec-
trochemical performance and electricity generation. Based on
CV and LSV curves (Fig. S8a and b†), the current response and
charge transfer capability of the anode increased with the
increase in HRT, mainly due to the prevention of excessive
inux of toxic substances into the anode. TAF curves (Fig. S8c†)
show that i0 at stages 4, 5 and 6 was 4.34� 10�3 A, 4.99� 10�3 A
and 4.99 � 10�3 A, respectively, indicating that prolonged HRT
improved the anode kinetic activity. Studies have shown that
the increased HRT can reduce the toxic effects on microorgan-
isms and improve electricity generation by the system.52 EIS
(Fig. S8d†) results indicate that the Rs plus Rp at stage 6 was 71.3
U, which was lower than at stages 3–5. The value of W at stages
4, 5 and 6 was 0.39 � 10�3 U, 0.39 � 10�3 U and 0.41 � 10�3 U,
respectively, which were lower than at stage 3 (0.58 � 10�3 U),
mainly due to the effective removal of 4-CP. These results
indicate that prolonged HRT increases the diffusion of ions
generated in the system to the electrode interface and improve
the charge transferability.

Fig. 7a shows that the output voltage was recovered and
exceeded 500 mV at stage 4. Under the same high current
density, prolonged HRT can reduce the anode potential (Fig. 7b)
to increase the potential difference between anode and cathode,
and improve the output power density. When the HRT was
increased from 2.5 to 4.5 d, the maximum power density
increased to 10.0% (Fig. 7c). However, when the HRT increased
from 4.5 to 6.5 days, themaximum power density only increased
by 1.8% to 72.25 mW m�2. Studies have shown that increased
15130 | RSC Adv., 2022, 12, 15123–15132
HRT can increase the utilization of the available organic matter
by microbes,23 thus promoting their growth and reproduction
and improving the abundance of electricigens. The increased
activity of electricigens generates electrons and improves elec-
tron transport capacity, thereby reducing internal resistance
and enhancing power density.53 At stage 4, the H2O2 content at
the cathode (Fig. S9†) increased to 5.54 mg L�1, mainly due to
improved electricity generation. Yong et al. reported that only
4.6 mg L�1 of H2O2 was released at the cathode of MFC.54 The
H2O2 content at cathode at stages 5 and 6 was 3.00 mg L�1 and
2.71 mg L�1, respectively, mainly due to the increased HRT,
which was conducive to the removal of 4-CP and Cr(VI) by H2O2.

Thus, a large amount of H2O2 is consumed under conditions of
limited dissolved oxygen. The CE (Fig. 7d) at stages 4, 5 and 6
was 1.06%, 1.71% and 2.38%, respectively, further indicating
that increased HRT can promote effective utilization of organic
matter by electricigens. The CE of this study was substantially
larger than in previous studies (0.1–0.3%).30 Excessive increase
in HRT affects plant growth and electron donor supply due to
the consumption of available carbon sources. Therefore, an
HRT of 6.5 d was expected to improve the treatment perfor-
mance and electricity generation by DLCW–MFC exposed to
Cr(VI) and 4-CP composite polluted wastewater.

The total phenol content at stages 4, 5 and 6 was 8.04, 8.59
and 8.87 mg g�1, respectively (Fig. S10†), indicating that
increased HRT improved the total phenol content alleviate
stress. Plant height, root length, tissue dry weight and chloro-
phyll and carotenoid contents were increased at stages 4, 5 and
6, compared with stage 3 (Fig. S11†). Thus, prolonged HRT
facilitated the removal of Cr(VI) and 4-CP to alleviate the toxic
effects on plants. Studies reported that increased HRT
contributes to plant growth and improves their ability to elim-
inate pollutants, due to slow biodegradation.55,56 With the
increase of HRT, the Cr concentrations in the roots, stems and
leaves were decreased (Fig. 8a). When HRT increased to 6.5 d,
the Cr concentrations in the roots, stems and leaves were 3279,
1290 and 171 mg kg�1, respectively. The TF of L. hexandra at
stages 4, 5 and 6 was 0.382, 0.418 and 0.451, respectively, higher
than at stage 3 (0.298), and higher than those reported previ-
ously (0.1–0.3).7 The results show a decrease in Cr concentration
of each tissue of L. hexandra, while the transport capacity
improved with increased HRT. The accumulated Cr content of
L. hexandra at stages 4, 5 and 6 was 8.14, 5.02 and 4.56 mg/10
plant, respectively (Fig. 8b). The contribution to Cr(VI) removal
of L. hexandra was in the following order: stage 4 (2.61%) < stage
5 (2.90%) < stage 6 (3.80%). This is because different HRTs
under the limited experimental period led to variation in the
total volume of inuent synthetic solution. This study further
enhances the role of plants in the recovery of heavy metals,
wastewater treatment and available carbon source utilization in
DLCW–MFC. Considering that the system had the highest
output power density and exhibited excellent treatment
performance in eliminating Cr(VI) and 4-CP at stage 6, the
growth state of L. hexandra at stage 6 decreased slightly
compared with stage 5. Therefore, an HRT of 6.5 d was
considered as the most appropriate for optimal performance.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3 Strengths and limitations

This study is the rst of its kind demonstrating the superior
performance of downow L. hexandra CW–MFC for the decon-
tamination of polluted wastewater containing Cr(VI) and 4-CP
composites and generation of electricity. Compared with other
studies (Table 2), our study demonstrates stronger electricity
generation and higher detoxication of polluted water con-
taining phenolic compounds and heavy metals. This downow
CW–MFC technology is also superior to other ow patterns of
CW–MFC (power density usually less than 30 mW m�2).30,57

However, there are two noteworthy limitations: (1) This study
did not explore other important factors such as pH or electrode
spacing; (2) the role of root exudate of L. hexandra in DLCW–

MFC remains to be claried due to secretions that help bacterial
growth.
4. Conclusions

Factors such as 4-CP concentration and HRT affect wastewater
treatment, electricity generation, plant growth and Cr enrich-
ment. When Cr(VI) concentration was 40 mg L�1 and 4-CP
concentration was 17.9 mg L�1, the Cr(VI) and 4-CP removal
rates were 98.8% and 38.1%, respectively, DLCW–MFC had
stronger charge transferability, higher output power density
(72.04 mW m�2), acceptable plant growth state and Cr enrich-
ment ability (17.66 mg/10 plants). A high 4-CP concentration
(35.7 mg L�1) reduced the electrochemical performance, elec-
tricity generation and wastewater treatment capacity of DLCW–

MFC, and inhibited the growth and Cr enrichment capacity of L.
hexandra. A prolonged HRT improved the Cr(VI) and 4-CP
removal rates, charge transfer capability and electricity gener-
ation by DLCW–MFC. An HRT of 6.5 d resulted in Cr(VI) and 4-
CP removal rates of 99.0% and 78.6%, respectively, and the
maximum output power density was 72.25 mW m�2. The
increased HRT alleviated the stress on L. hexandra, and
improved its growth, TF (0.451), and the contribution to Cr(VI)
removal (3.80%). Therefore, the ndings of high output power
density, increased rates of Cr(VI) and 4-CP removal, and the
physiological and biochemical responses as well as Cr enrich-
ment effects of L. hexandra demonstrate the effectiveness of
DLCW–MFC technology for successful treatment of polluted
wastewaters containing Cr(VI) and 4-CP composites and
generate electricity at the same time.
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