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en electro-phytoremediation in
constructed wetlands: a novel approach for
sustainable nutrient removal†

Daryoush Sanaei, a Amir Mirshafiee *bc and Amir Adibzadehbc

In addition to their advantages as promising methods for wastewater treatment, CWs exhibit poor

performance in terms of N and P removal efficiency in the effluent of wastewater treatment plants. By

focusing on this issue, we designed CWs integrated with a biochar-doped activated carbon cloth (ACC)

electrode and alum sludge from water treatment plants as a substrate to achieve concomitant organic

matter and nutrient removal efficiency. Compared with the use of one layer of alum sludge in CWs

(CWs-C3) with ACC electrodes inserted in two layers, which uses one layer of alum sludge, a significant

improvement in removal efficiency was achieved (96% for COD; 89% for TN; and 77% for TP). The

findings revealed that the application of potential accompanied by the insertion of a cathode ACC

electrode into the first layer of alum sludge was beneficial for completing nitrification and facilitating

denitrification in the cathode and anode regions, respectively, resulting in increased removal of organic

matter and nutrients. Further evaluation revealed that the TN-TP synergetic removal mechanism was

influenced by the use of Fe2+ as an electron donor and as a driving force for the development of

autotrophic denitrifying bacteria to increase nitrate reduction. Additionally, the formation of FePO4 and

AlPO4 and their adsorption through the interaction of FeOOH and AlOOH with phosphate constitute the

main removal mechanism for TP in wastewater. Another reason for the increased removal efficiency in

the CW-C3 reactor was the greater abundance and microbial diversity effectuated by the application of

potential in the anode and cathode regions. In summary, a promising strategy for simultaneously

promoting organic matter and nutrients and utilizing CWs on a large scale and in practical applications

was proposed.
1. Introduction

The enormous and varied production of wastewater engendered
by rapid economic and population growth, development
urbanization and industrialization, in addition to the
increasing utilization of fossil resources as both carbon and
energy sources, has led to crucially rising issues across the
globe. Harmful environmental discharge, water crises, energy
scarcity, climate change, and global warming are consequences
of the abovementioned issues.1 The generated wastewaters can
be treated chemically or biologically using various methods to
limit their adverse effects on the environment and natural
resources. Most applied technologies require further
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sophisticated processes to remove or mitigate side products and
sludge before being discharged into the environment.2 Addi-
tionally, wastewater treatment facilities that involve carbon-
based and nutrient removal not only lead to the production of
greenhouse gases (GHGs) but also indirectly contribute to
energy consumption by various equipment and sludge handling
and treatment methods.3

Notably, nutrients such as nitrate and phosphorus, which
are major components of wastewater, can cause excessive plant
growth and eutrophication through entry into the environment
and water bodies owing to incomplete treatment. This can
further lead to the need for chemical or biological processes for
mitigation at the standard level and increase capital and oper-
ational costs and energy consumption.4 To limit clean water
resources, the ability to enter plastics and other pollutants in
the environment, GHG and energy consumption, and pervasive
mismanaging of wastewater-treated wastes, the development of
environmentally friendly technology and an aspiration of clean
water and energy have led to an increasing emphasis on less
carbonization and less energizing wastewater treatment and
infrastructure.5
RSC Adv., 2025, 15, 2947–2957 | 2947
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The nature-based solution coupled with advanced tech-
nologies such as constructed wetlands (CWs) is a state-of-the-
art technology performed worldwide, particularly for treating
different types of wastewaters at scales ranging from small and
rural communities to urban and industrial applications.6 As
a green, eco-friendly, low-cost and easy maintenance method
for treating wastewater, CWs are widely attracted and widely
applied worldwide. This study aims to enhance the effective-
ness of CWs by addressing the limitations of existing methods
and introducing novel substrates and congurations to
improve nutrient and organic matter removal. As this tech-
nology has all the hallmarks of ideal and effective wastewater
treatment, Marwa et al.7 compared the wastewater treatment
performances of CWs with two types of congurations (vertical
ow and horizontal ow). They concluded that in terms of the
removal rates of BOD, COD, TSS, TN, TP and NH4, both
congurations of CWs were attained with sparingly higher
removal efficiencies of 77% and 68% in the case of vertical ow
than in the case of horizontal ow. The study revealed that the
type of substrate, retention time and plant species can be
considered the most dominant variables controlling CW
performance. Moreover, CWs can be performed for particular
wastewater with organic or inorganic pollutants. For example,
Fazila Younas et al.8 evaluated the utilization of CWs to treat
the tannery industry, which contains high concentrations of
chromium (Cr). They reported that the dominant parameters
for achieving a high removal rate of Cr via CWs are wetland
plants and the type of substrate used as media. The Cr removal
efficiency reached 80 to 99%when all types of congurations of
CWs were used. However, the horizontal ow and vertical ow
modes do not consider actual operating conditions, unlike the
free water surface CW mode.

Conventional CWs, from a treatment perspective, have
poor N and P removal performance in wastewater effluent and
do not have enough time to degrade organic matter in waste-
water as much as other methods can.9 Thus, to meet the
requirements of improved treatment efficiency, various strate-
gies, such as the introduction of novel and effective substrates
in single or multilayer systems and different plants, the estab-
lishment of a microbial community in a xed bed, and the
integration of other wastewater treatment technologies, are
widely recommended and investigated.10 A study was performed
to successfully remediate phosphorus from wastewater via
a novel composite substrate containing brick waste, tile waste
and gravel in CWs.11 The total phosphorus and phosphate
removal efficiencies from domestic wastewater were reported to
be 72% and 78%, respectively. Additionally, the coupling of
CWs with other systems for improving the performance of
bioremediation of organic matter and nutrients has been
investigated, particularly in the last few decades.12 Among many
examples, Mengni Tao et al.13 utilized high-density polyethylene
(HDPE) llers as effective substrates coupled with microbial
fuel cells (MFCs) for simultaneous bioelectricity generation and
enhanced nitrogen removal for the treatment of low-carbon
wastewater. A 97.55% total nitrogen removal and bioelectricity
generation with a power density of 2.22 mW m−2 were achieved
2948 | RSC Adv., 2025, 15, 2947–2957
with the addition of both HDPE llers and Acorus calamus
biomass in coupled CWs-MFCs.

Considering the nature and concentration of organic
matter/nutrients, an evaluation of the performance of CWs
with water alum sludge with a carbon cloth electrode doped
with biochar for improving the performance of CWs for
nutrient and organic matter removal from domestic waste-
water was performed. The application of alum sludge as a cost-
effective substrate in this study demonstrated a uniform
dispersion of metal species. This substrate proved to be highly
effective in removing organic matter, nitrogen (N), and phos-
phorus (P), attributed to the abundant hydroxide sites that
facilitate interactions and accelerate redox reactions.
Furthermore, the incorporation of a biochar-coated carbon
cloth electrode, alongside current application, resulted in
signicant removal rates. This success is due to the creation of
regions within the substrate that fostered microbial growth
and provided an ideal medium for biolm formation. The
ndings indicated that the enhanced growth and biolm
formation observed in this study led to lower rates of
nitrication-denitrication under these conditions, compared
to those without an electrode. Consequently, the stable Fe–Al–
N (or P) cycle within the alum sludge substrate, combined with
the formation of active zones near the electrodes, accelerated
biolm formation and achieved efficient removal of nitrogen
and phosphorus.

2. Materials and methods
2.1. Chemicals

2.1.1. Preparation and characterization of substrates. The
alum sludge was collected from a water clarication plant
located at conventional water treatment plant no. 1 of Tehran,
Iran. Aer air drying, the samples were gently ground. The
resulting dried sludge alum was passed through a 2 mm sieve,
and the characteristic properties of the obtained alum sludge
are shown in Table 1.

2.1.2. Preparation and characterization of the CC-modied
biochar electrode. Before biochar-doped CC electrodes are
prepared, the biochar is obtained via carbonization and acti-
vation of coconut shell bers. Initially, coconut was purchased
from a fruit market, Tehran, Iran, and its bers were separated
from the shell and washed thoroughly with tap water or distilled
water. The washed bers were subsequently dried at 105 °C in
an oven overnight. The dried bers were powdered in Porcelain
to reach the millimetric size of the particles. Carbonization was
performed under an inert atmosphere (N2 at 100 mL min−1) in
a tube furnace at 750 °C with a heating rate of 10 °C min−1 for
2 h. Aer the prepared biochar subsequently reached room
temperature, activation was carried out by placing the prepared
biochar in a vacuum oven at 100 °C.

Carbon cloth (CC) was used as an electrode and was
purchased from Redox Kala, Iran. To remove impurities, the
carbon cloth (2 × 2 cm) was soaked and sonicated in acetone,
ethanol, or 0.2 M HCl for 30 min each. Aer sonication, the CC
was rinsed with DW several times and then dried in air at room
temperature. To increase the stability and strongly bind the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The characteristic properties of water treatment-based alum sludges

Parameters units Mean � SD Measuring method

pH — 6.9 � 0.2 pH meter (model 111)
VSS/SS % 0.27 � 0.25 In all analytical procedures for determination of suspended solids (SS), weighed lters are

used for sample ltration, the lters are dried at approximately 105 °C aer ltration,
cooled in a desiccator to room temperature and the weight of the loaded lter is
determined
A sample is ltered through a glass ber lter with 1.5 micron openings. The lter is dried
in an oven at 103 °C for 24 hours (TSS), and then placed in a 550 °C furnace for 1 hour
(VSS)14

TOC g kg−1 116 � 19 Shimadzu TOC-VCSH total organic carbon analyzer
BET g m−2 122 � 39 The N2 adsorption/desorption measurements with the use of an ASAP 2020 micromeritics

instrument
Total P g kg−1 1.4 � 1.1 Analyzed following method 365.1 (ref. 15)
Ca g kg−1 15.6 � 6.2 One gram of each dried residual was digested with 30 mL of HCl, 10 mL HNO3, 5 mL HF,

and 2 mL HClO4 on a hotplate and analyzed with ICP-AES (Varian, Vista Pro) according to
method 6010C16

Total Al g kg−1 155 � 18 One gram of each dried residual was digested with 30 mL of HCl, 10 mL HNO3, 5 mL HF,
and 2 mL HClO4 on a hotplate and analyzed with ICP–AES (Varian, Vista Pro) according to
method 6010C16

Total Fe g kg−1 6.2 � 2.5 One gram of each dried residual was digested with 30 mL of HCl, 10 mL HNO3, 5 mL HF,
and 2 mL HClO4 on a hotplate and analyzed with ICP-AES (Varian, Vista Pro) according to
method 6010C16

SO4
2− g kg−1 7.8 � 0.28 Sulfate results were measured using spectrophotometry (DR – 4000, Hach Co., Coveland

Co.)
Cl− g kg−1 16.4 � 0.55 Determined as described in ref. 17
Moisture
content

% 34.59 � 1.5 Alum sludge samples were dried in an oven at 103 � 2 °C for 72 h to determine the
moisture content
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biochar on the carbon cloth electrode, CC was activated for 1 h
at 100 °C in a vacuum oven to prepare activated carbon cloth
(ACC) before use. To coat ACC with biochar, an ink material was
prepared by dispersing 100 mg of biochar in a mixture of 50 mL
of 5% Naon solution and 500 mL of isopropyl alcohol: water
mixture (3 : 1 V/V), and the mixture was sonicated in an ultra-
sonic bath for 30 min to form homogeneous ink. The resulting
ink was drop-cast on an ACC electrode (2 × 2 cm) via the air
brushing method. The prepared electrode-coated biochar was
dried in air overnight. The amount of biochar loaded on the
ACC was 45 mg cm−2. Copper wire was used to connect the
electrode of the cathode and anode, and a power supply was
applied to provide the required current.
2.2. CWs setup and operation

The CWs were constructed from cylindrical Plexiglas with
a diameter of 5 cm and height of 38 cmwith an outlet pipe at the
bottom (Fig. 1). A stainless-steel mesh was placed at the bottom
of the column just 1.5–2 cm above the outlet pipe to prevent the
substrate from being removed from the column. The synthetic
wastewater with the physicochemical properties given in
Table 2 was introduced to the CWs in down to up ow mode.

Three columns were constructed with a total working height
of 30 cm and were labeled CWs-C1 to CWs-C3. The column of
CWs-C1 contained media with four layers (up to down): 2 cm of
sand (1.5–2.5 mm), 5 cm of ne gravel as the top layer (3–5 mm),
13 cm of alum sludge as the middle layer (5–7 mm), and 7 cm of
coarse gravel as the bottom layer (8–12 mm); the column of
© 2025 The Author(s). Published by the Royal Society of Chemistry
CWs-C2 had the samemedia patterns as those of CWs-C1 except
for the insertion of two ACC electrode anodes and cathodes
within the alum sludge layer and sand layer, respectively; and
the CW-C3 column contained the same layer patterns as those
of columns CWs-C2 except for two alum sludge layers in the
column: 1 cm of sand, 4 cm of rst alum sludge, 8 cm of coarse
gravel, 7 cm later alum sludge, and 5 cm of coarse gravel with
the insertion of the ACC cathode electrode and anode electrode,
respectively, in the rst and second alum layers. To deliver
uniform synthetic wastewater into the columns, a ne bubble
shower with a peristaltic pump was used. The applied potentials
for columns of CWs-C2 and CWs-C3 were adjusted in the range
of 0.2 to 1 V vs. Ag/AgCl. All the columns were planted with lentil
plants (Lens culinaris). The plants were rst seeded in sterile
Petri dishes, and aer they were grown and germinated, they
were transplanted into columns. The ne sands of the CWs-C1
and CWs-C2 columns and rst alum sludge layer in the column
of CWs-C3 are aerated through ne diffusers with an aquarium
pump to actively allow oxygen from the atmosphere in the
mentioned layers and prevent further limitation of oxygen in
those layers. A perforated hole was created on the opposite side
of the inuent aeration to prevent the diffusion of oxygen to
other layers. Articial sunlight was used to expose the reactors
to simulated sunlight at an ambient temperature of nearly 25 °
C. The system was operated continuously for 70 days. Aer this
period, no signicant removal of parameters was observed.
Prior to this, a start-up period of two weeks was implemented to
allow for acclimatization and the development of
RSC Adv., 2025, 15, 2947–2957 | 2949
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Fig. 1 Schematic diagram of the substrate and inserted electrodes in
as-prepared CWs.

Table 2 The synthetic wastewater properties and studied parameters
of column tests

Parameters Units Value

COD mg L−1 500 � 11.2
TP mg L−1 5 � 0.81
NH4

+ mg L−1 20 � 0.58
NO3

− mg L−1 30 � 1.1
Loading rate m3 m−2 d−1 0.2
HRT d 2
pH — 7.1 � 0.21
Applied potential V 0.2–1
C/N ratio — 1 to 15
DO mg L−1 2.22–3.14
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microorganisms over the media within the systems. All reactors
were operated at a loading rate of 0.2 m3 m−2 d−1 with an HRT
of 2 days.

In this study, by assuming the formation of biolms on ACC
and alum sludge and other possible layers via the application of
an external current to stimulate and accelerate the growth of
microorganisms and alum sludge, an inoculation and cultiva-
tion step was performed for two weeks. In this phase, all the
columns were inoculated with a mixture of anaerobic and
aerobic activated sludge from a wastewater treatment plant as
the initial culture medium, which was placed in Tehran, Iran.
The mixture of sludge was mixed with synthetic wastewater at
a ratio of 1 : 10 (V/V) and pumped into the reactor. The synthetic
wastewater prepared in this study contained the following
components: glucose, 0.502 g L−1; NH4Cl, 0.520 g L−1; NaNO3,
0.090 g L−1; NaCl, 0.031 g L−1; K2HPO4, 0.033 g L

−1; and 5 mL of
wolf vitamin solution and 10 mL wolf mineral solutions (more
details about the prepared recipe are given in the ESI (Table
S1†). The average values (mg L−1) of chemical oxygen demand
(COD), total phosphorous (TP), ammonium nitrogen (NH4

+–N),
and nitrate-nitrogen (NO3) were 500, 5, 20, and 30, respectively.
The initial pH of the synthetic wastewater was adjusted to 7–7.3
by adding an appropriate 50 mM phosphate buffer solution
(Table S2†). Before the formal operation experiment started, the
CWs were inoculated for two weeks (cultivation) to provide
a suitable adaptation microenvironment for microbial and
2950 | RSC Adv., 2025, 15, 2947–2957
plant growth within the CWs, which was refreshed every 2 days.
The operation experiments were run with the same composition
and different C/N ratios, ranging from 2 to 15.

2.3. Sample collection and analysis

To evaluate the effects of inserting anode and cathode electrodes
in CW systems, water samples from inuent and effluent reactors
were collected daily. The collected samples were passed through
a 0.45 mm membrane and then preserved at 4 °C before analysis.
The COD, NO3

−–N, NH4
+–N, and TP contents were analyzed via

the colorimetric method with a UV/VIS spectrophotometer
according to standard methods.18 The pH, electrical conductivity,
temperature, and dissolved oxygen (DO) content were measured
in situ. All experimental measurements were performed in trip-
licate, and the results are expressed as average values.

The biolm formed on the electrodes was observed by scan-
ning electron microscopy (SEM) at the end of the experiment.
The samples were cut into small portions and prepared before
observation as follows: the electrodes were xed in 2% glutaral-
dehyde (GA) or 2.5% paraformaldehyde solutions overnight at 4 °
C. Dehydration of the samples was then performed with 40, 50,
60, 70, 80, 90, 100, or 100% (v/v) ethanol for 20 min. Finally, the
dehydrated samples were dried in air overnight and then coated
with a thin layer of palladium–gold to obtain SEM images.19

2.4. Characterization of biochar and alum sludge

A scanning electron microscope (SEM) coupled with EDAX
(Hitachi, S-3500 N) was used to investigate the surface
morphology and elemental distribution, respectively. The types
of bonding and functional groups present in the biochar and
alum sludge were determined via an IR spectrometer in the
range of 4000–600 cm−1. The specic surface area and porosity
were studied via BET analysis (Table S3†).

2.5. Microbial community analysis

The formed biolms on the electrodes inserted into substrates
in CWs-C2 and CWs-C3 reactors were rinsed using saline
phosphate buffer (SPB) aer collecting at the end of operation
experiments and aer centrifuging at 10 000 rpm for 10 min,
were stored at−80 °C. The samples were submitted to Faculty of
the Division of Cell and Molecular Biology, University of Teh-
ran, Iran for DNA extraction and Illumina MiSeq high-
throughput sequencing using Illumina platform PE250 model.
The microbial community and their structures were analysed
and clustered into the operational taxonomic units (OTUs) by
performing the UPARSE soware at 97% similarity (UPARSE
OTU clustering (https://www.drive5.com). Data with the
condence threshold of 0.7 was considered according to the
Silva database. Lastly, the microbial composition of samples
was estimated according to obtained information from OTUs
at the taxonomic level.

2.6. Statistical analysis

SPSS 22.0 was used to analyze the obtained data, and Origin Pro
2021 was used to plot the data.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results
3.1. Effects of applied potential and evaluation of pollutant
removal in CWs

By placing electrodes into the substrates of CWs and applying
potential, CWs behave differently than those without electrodes
and those with two alum sludge substrates. This behavior can
be observed for organic compounds such as COD removal in
CWs. When the CW-C1 reactor was operated without an elec-
trode, the average removal of COD was 68%. COD removal was
signicantly enhanced by the coupling electrode and applied
potential, as shown in Fig. 2a, for the CW-C2 and CW-C3
systems at different applied potentials, with signicant differ-
ences. The CW-C2 reactor with electrodes inserted into a single
layer of alum sludge reached average COD removal rates of 70%,
78%, and 69.3% when the applied potential was increased to
0.2 V, 0.6 V, and 1 V vs. Ag/AgCl, respectively. These results
conrmed that the application of potential was able to induce
the acclimation of the electrode surface biolm.20 Moreover,
applying a potential can increase the electron affinity of the
anode electrode,21 which in turn leads to an electromotive force
that drives more and signicantly more electrons to ow into
the anode and enhances the growth of microorganisms and the
degradation of organic matter (Fig. S1†). However, the COD
removal values decreased to 70% and 69.3%, respectively, when
the CW-C2 reactor was operated at lower (0.2 V vs. Ag/AgCl) and
higher (1 V vs. Ag/AgCl) potentials than the ideal 0.6 V vs. Ag/
AgCl potential. It can be posited that anode potential values
greater than 0.6 V vs. Ag/AgCl (here, study) generated a very thin
Fig. 2 (a) The averages of Removal performance of COD in different
averages of removal performance of TP in reactors (note: the performanc
1 V (versus Ag/AgCl)) (note: the operation period for all parameters were

© 2025 The Author(s). Published by the Royal Society of Chemistry
anode biolm with low microbial density, which may be
demolished due to lower stability, whereas anode potential
values less than 0.6 V vs. Ag/AgCl (this study) can preferentially
choose specic microorganisms, such as Geobacteraceae-like
cells, and form a high density of cells and very thick bio-
lms.22 An appropriate anode biolm thickness and microbial
density and diverse biolms could be achieved by applying 0.6 V
vs. Ag/AgCl anodic potential.

Compared with CWs-C2, CWs-C3 reactors with two layers of
alum sludge and inserting ACC cathode and anode electrodes
into the rst and second alum layers (from perspective up to
down), respectively, exhibit a higher COD removal rate when the
applied potential is increased to 1 V vs. Ag/AgCl. As shown in
Fig. 2a, CWs-C3 experienced a higher average COD removal of
87.11% at an applied potential of 1 V vs. Ag/AgCl than 80% and
74% at 0.6 and 0.2 V vs. Ag/AgCl, respectively. The insertion of
two layers of alum sludge in CWs can signicantly decrease
organic matter degradation, which is consistent with other re-
ported studies.23 The inclusion of two alum sludge layers can act
as an active and adsorptive layer to induce organic matter to be
removed collectively from wastewater via various mechanisms,
such as adsorption, chemical oxidation or reduction, hydro-
lysis, and microbial degradation.24 By inserting a cathode elec-
trode into alum sludge rst and, with respect to the benet of
alum sludge, the coexistence of electroactive and aerobic
bacteria over the cathode electrode and the formation of
microbial biolms with increased occupancy and variety can be
posited as one of the reasons for the greater potential for
achieving higher removal rates. The measured biomass results
systems; (b) the biomass values for as-prepared reactors; and (c) the
e of TP in CWs-C2 and CWs-C3 were investigated at applied potential
45 days with HRT of 2 days, every 5 days parameters were measured).
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(Fig. 2b) also veried the greater microbial density of the ACC
cathode inserted in the rst alum layer in the CW-C3 reactor
than in that inserted in the sand layer in the CW-C2 reactor.
Moreover, the important role of the cathode and anode ACC
electrodes in the CWs-C3 reactor was notably the growth of
biolms, which was signicantly greater in CWs-C3 than in
CWs-C2, indicating a variety of bacterial cells, compositions of
polymeric substances and cell growth over ACC electrodes.25

The trends in the TP and total nitrogen (NH4
+ and NO3

−)
removal efficiencies were consistent with the trends in the COD
removal efficiency. As is well known and veried in many
studies,26 P removal from wastewater in CWs is strongly inu-
enced by the substrates used, as alum sludge has a high
adsorption capacity for P removal. Additionally, as shown in
Fig. 2c, in the CWs-C3 reactors, P removal was greater (77%)
than that in the CWs-C2 reactors (65%) at higher applied
potentials (here, 1 V vs. Ag/AgCl). Notably, the applied lower
potential in this work (1 V vs. Ag/AgCl) is lower than that of
water electrolysis (theoretically 1.23 V vs. Ag/AgCl), so O2

generation at the cathode of CWs is neglected. P removal at
higher potentials can be considered to release more Al3+ or Fe3+

from alum sludge, which could form FePO4 or AlPO4 to remove
P effectively.27 Moreover, increasing the release of dissolved Al3+

or Fe3+ ions and further combining with OH− in water or ACC
surfaces (Fig. S2a†) and consequently forming AlOOH or
FeOOH is another reason for the increased P removal effi-
ciency.28 This was further veried by obtaining FT-IR spectra of
alum sludge from the CWs-C2 and CWs-C3 reactors (Fig. S2b†).

The NH4
+–N removal rates of the CWs-C3 reactor were higher

(83%) than those of the CWs-C1 (43.8%) and CWs-C2 (61%)
Fig. 3 (a) The performance of CWs in the NH4
+–N removal at different

applied potential of 0.6 V (versus Ag/AgCl). (note: the operation perio
parameters were measured).

2952 | RSC Adv., 2025, 15, 2947–2957
reactors at the optimum application potential of 0.6 V vs. Ag/
AgCl. NH4

+–N can be removed via adsorption to the abundant
negatively charged functional groups of biochar and microbial
assimilation by nitrifying bacteria.29 Compared with other
applied potentials, CWs-C3 enhanced the removal of NH4

+–N at
0.6 V vs. Ag/AgCl because a higher applied potential could
disturb the charge balance in biochar-doped electrodes and
microbial attachments and positively charged NH4

+–N.30 Thus,
a medium applied potential (here, 0.6 V vs. Ag/AgCl) suggested
that both physical and/or chemical adsorption and microbial
assimilation caused by rapid growth and reproduction of
nitrifying bacteria can effectively contribute to higher removal
rates of NH4

+–N. The predominant physical or/and chemical
adsorption of NH4

+–N in the CW-C1 reactor results in lower
removal rates of NH4

+–N (43.8%). As the growth of nitriers over
the ACC electrode in CWs-C2 is lower than that over CWs-C3,
the potential applied over the ACC electrode could decrease
the negative charge and cation exchange capacity of biochar,31

as shown in Fig. 3a. It is believed that the insufficient supply of
organic carbon in the shortest period of time of wastewater ow
in the biochar ACC cathode inserted in the CWs-C2 reactor
compared with that in the CWs-C3 reactor could limit the
completion of nitrication, resulting in lower removal rates of
NH4

+–N in CWs-C2. The abundance of Proteobacteria, which
included various groups of nitrier microorganisms, was
greater in CWs-C3 than in CWs-C2 (Fig. 6 and 7). The sufficient
retention time and organic matter in the rst layer of alum
sludge used as the cathode ACC electrode of the CW-C3 reactor,
which effectively accumulates and facilitates microbial growth
applied potential; (b) and (c) the NO3
−–N and TN removal at constant

d for all parameters were 45 days with HRT of 2 days, every 5 days

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and biolm formation, can accelerate nitrication and signi-
cantly increase NH4

+–N removal in the CW-C3 reactor.
The complete nitrication and further accumulation of

appropriate NO3–N in the anode section of the CW-C3 reactor as
an electron acceptor caused higher removal rates of NO3–N and
total nitrogen (TN) in the CW-C3 reactor than in the CW-C1 and
CW-C2 reactors (Fig. 3b and c).
Table 3 The diversity and richness of sample flora in CWs reactors

Reactors ACE Chao 1 Shannon Simpson Coverage

CWs-C1 (cathode) 1559.18 1571.27 1.76 0.051 0.99
CWs-C1 (anode) 1589.96 1593.49 1.82 0.026 0.99
CWs-C2 (cathode) 1885.01 1888.17 1.97 0.028 0.99
CWs-C2 (anode) 1662.70 1695.86 1.74 0.023 0.99
CWs-C3 (cathode) 2137.98 2144.18 2.11 0.028 0.99
CWs-C3 (anode) 1872.67 1880.25 1.82 0.044 0.99
3.2. Effects of the C/N ratio

The average removal rates of COD in CW reactors are signi-
cantly inuenced by different C/N ratios, as shown in Fig. 4a.
For the CWs-C1 reactor, the average removal rates of COD
slightly increased with increasing C/N ratios from 2 to 6.
Notably, the CW-C1 reactor beneted enormously from the
application of the alum sludge layer as a substrate to CWs
because of the adsorption of organic matter and further accu-
mulation of more microbial density, resulting in higher COD
removal rates. The COD removal rates signicantly change at C/
N ratios greater than 6, suggesting that the high accumulation
of organic matter could lead to a high F/M ratio and further
decrease the activity of microorganisms.32

Inserting the ACC electrode and applying potential into the
CWs-C2 and CWs-C3 reactors could be considered reasons for
both the higher average COD removal rates and the higher C/N
ratios (Fig. 4a). The high porosity of biochar-doped ACC elec-
trodes and the formation and growth of microorganisms
massively and variously promoted the removal rates of COD at
high C/N ratios. However, higher COD removal rates (96% vs.
85%) and higher C/N ratios (10 vs. 8) were observed in CWs-C3
than in CWs-C2, suggesting that the advantages of inserting an
ACC cathode in the rst layer of alum sludge in CWs-C3 reactors
than in the sand layer of CWs-C2 could be related to the
advantages of inserting an ACC cathode.

Notably, a balance should exist between the C/N ratio and
the removal rate of NH4

+–N and NO3–N. As reported earlier,33 at
lower C/N ratios, a lack of enough organic matter sources as
electron donors' results in incomplete growth and reproduction
of nitrifying bacteria. However, the microbial community and
diversity were the lowest, particularly the relative abundance of
Proteobacteria, due to the fast growth and dominance of
heterotrophic bacteria at relatively high C/N ratios. Fig. 4b
Fig. 4 The removal efficiency of (a) organic matters; and (b) TN at differe
days with HRT of 2 days, every 5 days parameters were measured).

© 2025 The Author(s). Published by the Royal Society of Chemistry
clearly shows that the best removal efficiency of TN (NH4
+–N

and NO3
−N) in the CW-C1 system (58%) was achieved at a C/N

ratio of 6. However, higher C/N ratios were observed for the
CWs-C2 (74%) and CWs-C3 (89%) reactors (C/N ratios of 8/1 and
10/1, respectively), suggesting that the inclusion of biochar-
doped ACC electrodes with potential and increased abun-
dance of nitrifying and denitrifying bacteria in the cathode and
anode parts of CWs, respectively, could be possible reasons for
the increased C/N ratios in the inuent ow of wastewater in
this study compared with those in other studies.34 Equally
importantly, the Fe2+ released from alum sludge layers can act
as an electron donor that can induce autotrophic denitrifying
bacteria for nitrate reduction.

3.3. Microbial community in the operated reactors

Different congurations of alum sludge substrates and biochar-
doped ACC electrodes with different application potentials were
used in CW reactors, and their effects on the enhancement of
organic matter and nutrient removal efficiency from synthetic
wastewater were assessed. As mentioned earlier, the highest
diversity and richness of the microbial community were
observed in the CW-C2 and CW-C3 reactors at potentials of 0.6
and 1 V vs. Ag/AgCl, respectively, for the highest removal rates of
COD; 0.6 V vs. Ag/AgCl for the NH4

+–N and NO3–N removal
efficiencies for both reactors; and C/N ratios of 8 and 10 for both
reactors (Table 3). According to the microbial community
composition shown in Fig. 5, the relative abundance of Pro-
teobacteria in the cathode parts of CWs-C3 (20.23–24.36%) was
greater than that in the CWs-C2 reactor (16.89–19.87%), sug-
gesting that the use of alum sludge substrate as the cathode
parts and the simultaneous application of potential could
nt COD/N ratios (note: the operation period for all parameters were 45
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Fig. 5 Microbial community analysis of reactors at the phylum levels (Note: in all reactors, the top plots represent the cathode parts and bottom
plots represent the Anode parts of CWs reactors.).

Fig. 6 The microbial communities at the genus level at different reactors.
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increase the variety of microorganisms with nitrication ability
belonging to this group. Among the other groups, Bacter-
oidetes, which included nitrite bacteria, nitrate bacteria, and
denitrifying bacteria, represented the highest proportion in the
CWs-C3 reactor. Moreover, the presence of Chloroexi at higher
abundances in CWs-C3 than in CWs-C2 signicantly increased
the removal rates of COD and TN in the CWs-C3 reactor because
of their ability to utilize organic matter for photosynthesis and
NH4

+–N and organic N for growth as nitrogen sources.35

The dominant genera of the microbial community are also
illustrated in Fig. 6, which shows that the genera belonging to N
and Fe included alum sludge, and electrochemically active
bacteria (EAB) were signicantly different between the CW-C2
and CW-C3 systems. The dominant genera were Saccha-
rimonadales, norank, Acinetobacter, Pseudomonas, Rhodo-
bacter, and Desulfobacterota. The relative abundance of genera
related to nitrication and denitrication was predominant in
the CW-C3 reactor, indicating that the use of two alum sludge
layers as substrates and the application of electrical potential
strongly promoted the removal of N and organic matter by
changing the structure of N transformation and the organic
matter of degrading bacteria. The main nitrier bacteria
(Nitrospira and Nitrospina) were found to be more abundant in
the cathode ACC electrode of CWs-C3 than in the cathode
region of CWs-C2 (Fig. 7). The alum sludge substrate and its
advantages mentioned earlier and the use of Fe2+-containing
alum as an electron donor may increase the metabolism and
activity of microorganisms.36 Owing to relatively appropriate
nitrication in the cathode of CWs-C3, more denitrifying
bacteria were present in the anode region of CWs-C3 than in the
CW-C2 reactor. Therefore, the greater opportunity to reduce
NO3–N in the anode region of the CWs-C3 reactor could effec-
tively increase the TN removal rate compared with the TN
removal rates in the CWs-C2 reactor.

In addition, the microbial community related to Fe(II) auto-
trophic denitrifying bacteria, such as Ferritrophicum and Thi-
obacillus, was more abundant and diverse in the anode region
Fig. 7 The microbial genera involved in TN conversion at different
reactors.

© 2025 The Author(s). Published by the Royal Society of Chemistry
of the CW-C3 reactor, which signicantly reduced NO3–N, and
further TN removal was effectively enhanced in the CW-C3
reactor. The increased abundance of Pseudomonas in the
anode region of the CWs-C3 reactor indicates appropriate P
removal rates in which applying potential had a moderate effect
on P-accumulating bacteria. The presence of EABs in the anode
region highlights the important role of interspecies species in
enhancing organic matter and nutrient removal in CWs-C2 and
CWs-C3 reactors.

3.4. N and P removal mechanisms in CWs-C3

When a potential of 1 V vs. Ag/AgCl was applied to alum sludge
containing a biochar-doped ACC electrode, the Fe and Al ions
released from alum sludge formed FePO4 and AlPO4 in situ
because of interactions with phosphate in wastewater, which
promoted high percentages of P removal in the CW-C3 reactor.
The greater intensity of bond adsorption at 1030 cm−1 in CWs-
C3 corresponds to Fe–O–P vibrations (Fig. S2†). The intensity of
the O–H stretching vibration at 3465 cm−1 and O–H bending
vibration at 1620 cm−1 and the absorption band near 820 cm−1

correspond to Fe–OH or Al–OH bonds, indicating that the
released Al and Fe ions could combine with OH– near the
biochar-doped ACC electrode, generate AlOOH or FeOOH and
consequently interact with phosphorous in wastewater.

In addition, the high contribution of Fe autotrophic deni-
trifying bacteria in the CWs-C3 reactor, such as Ferritrophicum
and Thiobacillus, suggested that Fe2+ as an electron donor and
Fe3+ as an electron acceptor due to signicant redox cycles can
play important roles in the denitrication process. A proposed
schematic of the simultaneous mechanism of TN and TP
removal in CWs-C3 by focusing on the application of alum
sludge as a substrate and inserting an ACC electrode as an
inducer and stimulator of initial mechanisms and microbial
growth is shown in Fig. 8.

In conclusion, the placing alum sludge substrate in CWs-C3
plays a crucial role in the initial breakdown, transformation of
organic matters, effective nitrication and subsequently deni-
trication. So, the degradation of organic matter and the
Fig. 8 The proposed mechanism of synergistic removal of TN and TP.
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conversion of ammonium to nitrate and nitrogen gas can be
enhanced, signicantly contributing the reduction of COD and
TN. The redox reactions and enhanced microbial activity
induced by placing electrodes within the CWs-C3 can lead to the
degradation of organic matters, transformation of nitrogen
compounds, and the adsorption and precipitation of phos-
phorus compounds. Moreover, the alum sludge as substrate
provides ideal adaption place for microorganisms and also
a robust adsorptive capacity for phosphorus, leading to signif-
icant TP removal. The adsorption process captures residual
pollutants that may not be fully degraded by biological or
electrochemical mechanisms, thereby enhancing the overall
removal efficiency of COD, TN, and TP. To sum up, the alum
sludge-driven electro-phytoremediation approach integrates
biological action, electrochemical effects, and adsorption to
provide a comprehensive and efficient solution for nutrient
removal. Each mechanism contributes uniquely to the removal
of COD, TN, and TP, resulting in a sustainable and high-
performance CWs systems. Further optimization and research
are essential to maximize the potential of these integrated
processes and address the complexities of wastewater
treatment.
4. Conclusion

Simultaneously, signicant mitigation of organic matter and
nutrient-rich wastewater was carried out in CWs designed
with alum sludge substrate, and potential was applied to
biochar-doped ACC electrodes. The results demonstrated that
alum sludge as a substrate and the application of potential
could change the microbial diversity and density toward
completing nitrication and denitrication and highly bio-
degraded organic matter. Owing to the iron- and aluminum-
containing alum sludge, TP can be mitigated predominantly
by the formation of Fe/AlPO4 or Al/FeOOH–P interactions.
Moreover, the released Fe ions can act as electron donors and
serve as Fe-driven autotrophic denitriers, consequently
increasing the TN removal efficiency. To conclude, appropri-
ately designing and utilizing waste material as a substrate in
CWs and applying a driving stimulator to promote microbial
growth and microbial diversity can be promising strategies for
simultaneously promoting organic matter and nutrients and
utilizing CWs on a large scale and in practical applications.
The ndings obtained in our study can be conducive to the
application of CWs for wastewater treatment, with all the
benets mentioned above.
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