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This investigation is the first of its kind to enhance detoxification of azo dye and other pollutants containing
wastewater using an innovative earthen membrane-based two-chambered constructed wetland cum microbial
fuel cell (CW-MFC). The present innovative design simulates the core of a shallow unplanted CW-MFC, which
runs the sequential anaerobic and aerobic regimes without mixing of the cathodic and anodic wastewater. The
obtained results revealed 94.04 + 2.87% chemical oxygen demand (COD) and 94.22 + 1.33% azo dye removal
from the synthetic wastewater containing 550 mg/L initial COD and 50 mg/L Methyl orange (MO) azo dye, along
with the current density and power density production of 544.6 mA/m® and 148.29 mW/m?, respectively. The
UV-visible spectrum demonstrated azo bond degradation in the anodic region, which was confirmed by the
presence of sulphanilic acid as an intermediate of the azo dye degradation in the anodic effluent. The gas
chromatography-mass spectrometry (GC-MS) analysis of anodic effluent proved the presence of an another in-
termediate, N.N-dimethyl-p-phenylenediamine (DMPD) and further confirms mineralization in the cathodic
effluent with the elution of several mineralized polar compounds. Phytotoxicity study with Vigna radiata, Triticum
aestivum, and Cicer arietinum indicated higher root growth rates (in comparison to control) of 30.72%, 13.53%,
and 11.62% in the anodic effluent, whereas 69.70%, 60.28%, and 34.27% in the cathodic effluent, respectively,
indicating decreased toxicity. The microbial analysis revealed a shift in microbial community of CW-MFC; the
inoculum was abundant with Methanomicrobia class (18.55%), which shifted to class Bacteroidetes (13.99%) in
the anodic region which was attributed to azo dye degrading bacteria. Whereas, cathodic microbial community
consists of Alpha and Gamma Proteobacteria (59.50%), which are considered as the aromatic ring-degrading
microbes.

1. Introduction

Azo dye is one of the major pollutants used in many industrial pro-
cesses such as paper printing, food, cosmetics, and textile dyeing that are
responsible for the release of a large quantity of azo dyes in wastewaters,
thereby polluting the environment [1]. It is estimated that nearly one
million tons of azo dyes are released each year from different industries
into wastewater streams [2] of which about 20-30% come from the

unstable dyes with an average concentration of 2000 mg/1 [3]. These
dyes when mixed with water bodies affect the photosynthesis process of
the algae and other similar organisms in water bodies by preventing the
light penetration, subsequently depleting oxygen, thereby adversely
affecting the flora and fauna communities. Moreover, partial break-
down/degradation or treatment of azo dyes leads to the formation of
mutagenic/carcinogenic intermediate compounds as these dyes consti-
tute aromatic compounds with one or more —N—N— bonds (named azo
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bond) [4,5] The azo bond linkage is also responsible for the color due to
its chromophoric functional group, making them highly stable owing to
their complex aromatic rings and covalent azo bonds. Therefore, a
complete destruction of these dyes has been a major challenge due to its
recalcitrant nature.

In general, degradation/decolorization of azo bond occurs in two
stages. The first stage involves reductive cleavage of azo bond, which
generally takes place in an anaerobic environment, resulting in the
formation of colorless, but potentially hazardous aromatic amines [6],
which are resistant to further degradation in an anaerobic environment.
Since microbial degradation of aromatic amines exclusively requires
aerobic conditions, sequential anaerobic and aerobic conditions are
proposed for a complete and adequate dye degradation [6,7].

Numerous physico-chemical processes [8] have been proposed for
the destruction of azo dyes in wastewater treatment. Of these,
coagulation/flocculation-based treatment methods require substantial
quantity of chemicals, which can produce the sludge [8]. Adsorption and
membrane filtration techniques can generate secondary sludge, which
can pose further sludge handling and disposal issues [9]. Advanced
oxidation processes (such as UV/H0,, Fenton, ozonation, etc.) are quite
effective, however these are energy and cost-intensive [4]. On the other
hand, biological processes have been proven to be the cost-effective and
eco-friendly alternatives to other treatment technologies [10]. Espe-
cially, Constructed wetlands (CWs) which is a conventional biological
and passive treatment process suitable for the treatment of different
types of industrial and municipal wastewaters. CWs have also been
explored for several dye-containing wastewaters [11,12]. However,
many challenges limit the adoption of CW, such as slow treatment rate
and high land area requirement [13].

The recent progress in biological processes such as microbial fuel
cells (MFCs) has been emerging as a sustainable treatment technology
for azo dye-containing wastewaters even though up-scaling of MFC is
still a major challenge. The other issues are low oxygen reduction rate
(ORR) at low-cost cathode (such as carbon or graphite) leading to high
overpotentials and low treatment kinetics in the MFC systems [13]. To
overcome the individual challenges of CWs and MFCs, both the tech-
nologies have been proposed in a hybrid form of CW-MFC [14,15],
where in case of CWs, the natural redox gradient occurs that can be
suitable to build the MFCs [13,16]. Such a hybrid technology, ie.,
integration of constructed wetland with microbial fuel cell (CW-MFC)
was first reported by Yadav et al., [17]. The CW-MFC contains anaerobic
and aerobic regionswhich are embedded with electrodes (conductive
material) as an electron acceptor and donor, which can assist to enhance
the reaction processes in the anaerobic regions [18,19].

One of the first laboratory-scale CW-MFC was developed for meth-
ylene blue dye removal with > 75% dye removal even at higher dye
loads of 2000 mg/L [14]. Later, a study by Fang et al., [20] achieved
91.24% decolorization from the active brilliant red X-3B (ABRX3) azo
dye-containing wastewater along with 610 mV of voltage generation in
CW-MFC, where increased decolorization was promoted by the elec-
trodes [20]. Furthermore, methyl orange degradation in wastewater was
studied in an open and closed-circuit CW-MFC to remove 75.59% and
87.60%, respectively [21,22]. A study with real dyestuff wastewater
treatment in CW-MFC planted with Fimbristylis dichotoma achieved 82.2
+ 1.7% dye removal and 70 + 2% Chemical oxygen demand (COD)
reduction with a maximum power density generation of 198.8 mW,/m?
[23]. Furthermore, Acid orange 7 (AO7), Acid Red 18 (AR18), and
Congo Red (CR) dye-containing wastewaters were treated in planted and
non-planted CW-MFC that achieved decolorization as per the sequence:
AR18 (96%) > AO7 (67%) > CR (60%) [24]. This study also concluded
that decolorization efficiency was affected by the number of azo bonds
and functional group positions. In all the above-mentioned studies, a
typical single-chambered CW-MFC was employed to avoid the costly
commercially available polymeric membranes, but the treatment effi-
ciency and energy recovery were hampered; moreover, these studies still
have severe issues of total azo dye mineralization/detoxification.
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Thus, There is a need for an appropriate cost-effective CW-MFC
technology with a high efficiency to achieve the total or very high dye
mineralization and detoxification from wastewater. Interestingly, the
earthen membrane was employed as the proton exchange membrane
(PEM) in plant microbial fuel cells (PMFC) that achieved 99% of COD
removal with current density generation of 242 + 10.5 mA/m3 [25]. The
earthen membrane offered low internal resistance with a high power
density compared to other membranes [26]. Thus, in the present study,
an innovative earthen membrane-based two-chambered sequential
anaerobic-aerobic CW-MFC was designed to achieve enhanced decol-
orization and detoxification of azo dye as well as their intermediate
compounds from wastewater along with the electricity generation.

In this study, CW-MFC was separated into two chambers, ie.,
anaerobic (anodic) and aerobic chamber (cathodic) with a cost-effective
porous earthen membrane acting as a PEM between the anode and the
cathode of CW-MFC. It was hypothesized that azo bond cleavage and
decolorization would take place in an anaerobic environment of the
anodic chamber, while further toxic intermediate aromatic amine can be
detoxified in the aerobic environment of the cathodic chamber. It was
also hypothesized that this innovative design of the earthen membrane
based two-chambered CW-MFC could resolve the issues that are gener-
ally emerging in a typical CW-MFC design. For instance, (i) it provides a
novel CW-MFC design, which can lower the resistance value and hence,
enhances the electricity generation and treatment performance; (ii) the
new CW-MFC design will not allow the mixing of the catholyte with
anolyte and (iii) the CW-MFC system will provide a sequential gravita-
tional flow of wastewater for energy and cost-saving.

2. Materials and methods
2.1. Construction and working of the core of shallow unplanted CW-MFC

The outer cathodic or aerobic chamber of CW-MFC was constructed
with a circular plastic container of 16.0-cm diameter and 16.0-cm
height. At the centre of plastic container, an earthen pot was placed
for creating an earthen membrane/layer, which can also work as an
anodic chamber/anaerobic chamber. The earthen pot has an upper,
middle, and lower diameter of 7.0 cm, 9.0 cm, and 7.0 cm, respectively,
and a height of 12.0 cm. Both the chambers were filled with graphite
granules (5.0-8.0 mm in diameter) to act as the conductive material-
based anode and cathode electrodes. The cathodic and anodic cham-
bers were embedded witha 112 mm x 13 mm (length x width) graphite
rod as a charge collector/exchanger/dispenser.

The cathode charge dispenser was kept in contact with the atmo-
spheric oxygen and placed 1.5 cm above the water level as per recently
published study [27]. The anodic chamber and cathodic chamber have a
void volume of 250 mL and 500 mL, respectively. An anodic sample was
collected from the upper portion of the earthen pot for the analysis. The
charge collectors of anodic and cathodic compartments were connected
with an insulated copper wire of 1.0 mm for charge (electron) move-
ment. An air sparger was provided at the bottom of the earthen pot in the
cathodic chamber, which was connected to an aerator (Venus, AP-408A
air pump, India). As a precautionary measure, the outer bottom portion
of the earthen pot was covered with a high-density polyethylene liner
(HDPE) for preventing air diffusion from the cathode chamber to the
earthen pot, which was working as an anaerobic chamber as shown in
Fig. 1. Both anodic and cathodic wires were connected with a resistance
of 2000 Q as a load.

2.2. Wastewater composition

Synthetic wastewater with glucose (550 mg/L) as an organic source
was used throughout the study [24]. The synthetic wastewater consti-
tutes: 0.111 g/L NaHCOs, 0.0445 g/L KH,PO4, 0.0371 g/L MgCl,-6H,0,
0.0301 g/L CaCly-2H30, 0.1119 g/L (NH4)2SO4, 0.0842 g/L (NH4)oFe
(SO4)2-6H20. The trace metal mix composed of 2.86 g/L H3BOg, 1.81 g/
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Aerator

Fig. 1. Schematic diagram of the innovatively designed earthen membrane-
based two chamber CW-MFC with sequential anaerobic and aerobic regimes.
In this design, a earthen pot/layer acts as a proton exchange and oxygen/gas
diffusion inhibiting membrane; b is an anode cover, which restricts the diffu-
sion of air inside the anaerobic earthen chamber; ¢ is HDPE liner covering the
bottom part of the chamber for preventing oxygen/air diffusion inside the
anaerobic chamber; d and e are the anode and cathode charge collectors/ex-
changers inserted in anode and cathode, respectively; f shows the aerator ring
situated below the earthen pot and g is the resistance/load connected between
anode and cathode.

L MnCl»-4H50, 0.222 g/L ZnS04-7H20, 0.39 g/L NasMo4-2H20, 0.079
g/L CuSO4-5H20 and 0.05 g/L CoCl,. Tap water was used to prepare the
synthetic wastewater with the afore-mentioned compounds and with a
trace metal mix of 0.1 mL/L. The model azo dye used was Methyl orange
(MO), purchased from HI Media Pvt. Ltd., India. During the experiment,
initial concentration of 50 mg/L MO was mixed with synthetic waste-
water with initial carbon concentration of 550 mg/L. The synthetic
wastewater was thoroughly mixed through a magnetic stirrer (Tarsons,
Model 4050, India) at 100-140 rpm speed to maintain the homogeneity
of the influent. The entire experiment was carried out at 27 + 2 °C.

2.3. Inoculation and experimental setup

The CW-MFC was inoculated with inoculum of the previously oper-
ated CW-MFCs in our laboratory. Initially, CW-MFC was acclimatized for
nearly eight weeks with MO containing wastewater in a batch mode
until stable voltage reading was recorded. After that, homogeneous
wastewater containing MO dye was continuously fed into the bottom of
the anode through a peristaltic pump (Watson Marlow 120S model, UK)
at 24.66 mL/h. The aerator at the cathode was fixed to supply air at 2.4
L/min of flow rate and controlled by an automatic on-off timer (HPA
digital timer, Australia) with repetitive 70 min followed by 10 min off
cycles.

The CW-MFC was maintained to have a hydraulic retention time
(HRT) of 27 h, wherein the wastewater retained in an anodic chamber
for 9 h. The MO containing wastewater in the CW-MFC entered first to
the lower anode chamber with the help of a peristaltic pump and then,
the wastewater moved in the up-flow direction as it reached the upper
portion of the anode chamber. As the wastewater reached the brim of the
anode chamber, it oozed out in the outer cathode chamber by sliding
through the walls of the anode chamber. Afterwards, it moved to the
cathode chamber and gets discharged from the effluent pipe, which
acted as an adjustable siphon tube, thus permitting half of the cathodic
chamber to be filled and half empty. The half-empty upper cathodic
chamber promoted more diffusion of oxygen, which further enhanced
the electricity generation and wastewater treatment as shown in Fig. 1.

Unlike the single-chambered systems, in the current innovative
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design system, there was not mixing between the anolyte and catholyte
as it was a double-chambered system that operated in conjunction with
each other. Furthermore, the generated proton and electrons from the
substrate metabolism in the anodic compartment were transferred to the
cathode by the porous earthen pot membrane and through the electric
wire, respectively.

2.4. Analysis, measurements, and calculations

Electricity generation was recorded in terms of the voltage on a daily
basis with a digital handheld multi-meter (Fluke 17B, USA). Once the
CW-MEFC achieves steady state, the polarization curve was established
by varying the external resistance from 90 MQ to 1 Q using a resistor box
(Model 1040, time electronics, UK), and voltage was recorded every 15
min of interval. In order to obtain the polarization curve, a graph was
plotted between voltage (V), power density (mW/m3), and current
density (mA/m>3) to acquire the ohmic, activation, and concentration
losses. The current density and power density were calculated by
dividing the anodic zone volume (m®) of the CW-MFC. All the collected
samples were filtered using a Whatman grade 1 filter paper (USA) before
further analysis.

The MO concentrations in the anodic and cathodic samples were
measured by a UV-Vis spectrophotometer (Agilent carry 100, USA). The
standard curve of MO was plotted by fixing the wavelength at 464 nm
and accordingly concentration of MO in samples were determined. The
scanning of influent, anodic, and cathodic samples were performed on a
UV-Vis spectrophotometer in the wavelength range between 200 and
800 nm to determine the intermediates from the azo dye decolorization
and degradation, further % decolorization (DR) of the MO for the
effluent of cathodic and anodic samples were calculated using Eq. (1):

Influent-dye concentration — Effluent dye concentration

% DR = x 100 (1)

Influent-dye concentration

The chemical oxygen demand (COD) was carried out in accordance
with the closed reflux colorimetric method of APHA (American Public
Health Association) [28] at 610 nm and % COD removal was calculated
using Eq. (2):

Influent (%) — Effluent (%)
Influent (%)

% COD removal = x 100 2)

The dissolved oxygen (DO) and oxidation-reduction potential (ORP)
of the upper and lower anodic region and cathodic regions were
measured with DO and ORP probe attached to the HACH HQ-40D (USA),
while the pH was measured using a pH meter (Eutech instruments
cyberscan pH 1500, Canada).

The gas chromatography (GC) (QP2020 NX, Shimadzu, Japan)
equipped with a DB-5 capillary column (30.0 m x 0.25 mm x 0.25 pm)
coupled with mass spectrometry (MS) (QP2020 NX, Shimadzu, Japan)
was used to validate the reduced azo dye intermediates. Prior to the GC-
MS injection, 500 mL of the anodic and cathodic samples were collected,
and their organic phases were extracted in chloroform using a separating
funnel. The samples were dried using anhydrous Na;SO4 to remove the
moisture or water content. Thereafter, the organic phases of both the
samples were fully concentrated in a rotary evaporator (FL300,
JULABO, Germany) and then collected in ethyl acetate solvent (HPLC
grade).

For the GC-MS analysis, ultra-pure helium gas was used as a carrier
and method was employed with 3 mL/min of purge flow at 250 °C of the
injection temperature. The GC column was programmed and held at 40
°C for 1 min, then ramped at the rate of 10 °C/min to reach 250 °C for 15
min. The reduced MO intermediates were identified via GC-MS spectra
as per the NIST (National institute of standards and technology) library
[24].
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2.5. Phyto-toxicity assessment with different seeds

Phyto-toxicity study was performed on the treated MO-containing
wastewater to compare with without treated wastewater (influent) by
identifying the root and shoot growth inhibition in the seedling of Cicer
arietinum, Triticum aestivum, and Vigna radiata. To perform the toxicity
experiments, petri-dishes were lined with three layers of paper cloth and
seeds were sterilized before transferring to the petri dishes. Sterilization
of the seeds was carried out to remove the dirt or any unwanted particles
from the surface of the seeds. The seeds were sterilized by washing in
70.0% ethanol followed by further washing with 5.0% sodium hypo-
chlorite by manual swirling, followed by six times of the distilled water
wash and drying. Experiments performed in triplicates for all the three
types of seeds with 20 seeds in each dish and 5 mL of the influent,
anodic, and cathodic samples per petri-dish. Besides, the similar
experiment was also performed on with tap water as a control experi-
ment. Addition of respective 5 mL of wastewater samples or tap water
was done each day in each petri-dish. The seeds were considered
germinated when hypocotyl and radical appeared together. The root and
shoot length measurement of the germinated seeds of Cicer arietinum,
Triticum aestivum, and Vigna radiata were evaluated after six days. At the
end of the exposure period, the % growth rate (GR) or % inhibition rate
(IR) was calculated as per Eq. (3):

Root-growth-in-tap-water-control (¢cm) — Root-growth-in-influent-or-effluent-sample(cm)
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influential parameters in any biological treatment system. These pa-
rameters were examined throughout this study. At the lower region of
the anode chamber, pH was found to be around 5.51 + 0.39, while at the
upper region, it was 5.94 + 0.29. The pH at the upper anodic region was
always somewhat less acidic compared to lower region, probably due to
the supply of influent to the bottom of the anode chamber at first, which
contained high organic and inorganic loads, thereby resulting in
anaerobic conditions in the lower anodic region that could help to break
down the co-substrate into fatty acids. However, production of fatty
acids in the absence of oxygen can shift the pH to acidic condition;
similar findings were also reported earlier [17]. The wastewater reaches
to the upper anodic region, where it contains lesser organic and inor-
ganic fractions due to their removal, thus resulting in a slight pH in-
crease [29]. In the cathodic chamber, pH values were 6.16 + 0.36 and
6.15 + 0.45, respectively for lower and upper regions. The shift of
cathodic pH to a less acidic value can be attributable to proton con-
sumption in cathodic region; a similar observation was reported earlier
by Srivastava et al., [30]. However, upon aeration, the expelled CO,
from the solution by air stripping might also be one of the reasons for the
increased pH values.

The DO profile of the influent, anode upper and lower regions,
cathode upper and lower regions is shown in Fig. 2a. It can be seen that
dissolved oxygen can be important in microbial activities of the CW-

x 100 3)

GR-or-IR (%)

If the obtained value from the above equation was positive, it was
considered as inhibition (IR%) i.e., the growth was lesser than the tap
water/control, but if the obtained value was negative, it implied the
growth (GR%) i.e., growth was more than the tap water/control, where
tap water was used as a reference.

2.6. Total metagenomic study of bacterial biofilms at anodic and cathodic
regions

The microbial phylogenetic analysis (16S rRNA pyrosequencing) of
anodic and cathodic regions as well as initial inoculum were performed.
The biofilm formed at the graphite gravels of the anode and cathode
regions was scraped with a sterile spatula and collected along with
wastewater from those particular regions in a 250 mL sterilized sample
bottle for the microbial analysis. The scrapped biofilm with wastewater
was suspended in a 100 mM Tris-EDTA (TE) buffer to avoid the degra-
dation of the sample. DNA was extracted from the Qiagen DNA easy
Power Soil Kit (Qiagen, Germany) following the manufacturer’s proto-
col. The V3-V4 region of 16S rRNA was amplified using the specific V3
Forward primer CCTACGGGNBGCASCAG and V4 Reverse primer GAC-
TACNVGGGTATCTAATCC for diverse profiling.

For a better understanding of the approaches involved in the
experimentation for azo dye degradation through the earthen
membrane-based two chambered CW-MFC, a detailed flow chart is
presented in Supplementary File, Fig S1.

3. Results and discussion
3.1. Environmental conditions of CW-MFC

The environmental conditions of different zones of CW-MFC were
analyzed based on the values of DO, pH and ORP that are the major

Root-growth-in-tap-water-control (cm)

MFC systems. The DO in the initial wastewater was found to be 5.5-7
mg/L, while in the anode upper and anode lower regions, it was 1.71 +
0.57 mg/L and 0.72 + 0.27 mg/L, respectively. The low amount of DO in
the anodic chamber could be due to high amount of oxygen-consuming
organic and inorganic contents in the wastewater, which has resulted in
an anaerobic environment. In addition, the attained DO range of
0.72-1.71 mg/L is suitable for functioning the electrochemically active
bacteria (EABs) at the anode. Moreover, high amount of DO was re-
ported as an inhibitor to EABs [31]. Similar DO conditions in anodic
region of a vertical up-flow CW-MFCs have been also been reported
[14]. In the cathode chamber, DO conditions at lower and upper regions
were found to be 6.26 + 1 mg/L and 6.72 + 0.52 mg/L, respectively,
resulting from an intermittent aeration. Furthermore, the presence of a
lower level of DO in the anodic chamber suggest that the earthen
membrane and HDPE liner acted as barriers for the diffusion of DO from
cathodic chamber equipped with an aerator. Since DO is positively
associated with ORP, ORP also significantly varied from —229.43 +
43.02 mV to 84.03 + 58.80 mV, indicating highly reducing and oxida-
tive environment, while moving from anodic to cathodic chamber,
respectively. Similar substantial alteration in ORP was also observed in
other studies with the cathodic aeration in CW-MFC [32].

3.2. Chemical oxygen demand removal

The CW-MFC was evaluated for the COD removal and decolorization
for 270 days. The COD removal efficiency in anodic and cathodic
chambers is shown in Fig. 2b. The initial COD concentration of waste-
water was 630 + 29.48 mg/L, but the COD removal in anodic chamber
was 60-70% for the initial six weeks, which corresponds to the
remaining value of the COD to 250 + 20.6 mg/L in the anodic effluent,
however after six weeks, the COD removal was increased to 85%. The
gradual increase in COD removal could be related to the development of
incremental biofilm as the anaerobic heterotrophic microbes could use
carbon as a source of energy as well as for their growth and metabolic
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Fig. 2. (a) Cathodic and anodic dissolved oxygen profile of CW-MFC; and (b) percentage COD removal in anodic and cathodic effluent of CW-MFC.

activity [18]. It is also evident from the results that most of the COD
removal occurred in an anaerobic chamber. The higher COD removal in
CW-MFC may be the result of electron transfer from anode portion to
cathode portion, resulting in higher oxidation of pollutants [16]. Hence,
continuous electron transfer from anode to cathode would have accel-
erated the metabolic activity of the anaerobic bacteria along with the
fast oxidation of the substrate. A similar mechanism was also proposed
by other authors [33,34]. In the present study, we hypothesized that
electrons were utilized in the azo bond reduction of MO, which would
also have accelerated the COD removal in the anode. Moreover, the
remaining 87 + 17.24 mg/L was removed in the cathodic chamber,
where COD decreased to 60 mg/L in the early days of the operation and
later to 20 mg/L. In the cathode, sufficient oxygen supply could have
also increased the biomass with time, resulting in an efficient removal of
COD. In addition, the intermittently supplied oxygen might have pro-
moted the aerobic oxidation that has led to the removal of remaining
COD. The above results are in good agreement with published research
[22], where the anode layer of CW-MFC closed-circuit contributed
highest in COD removal.

3.3. Methyl orange decolorization and degradation

The decolorization of MO at different portions of CW-MFC was
determined and shown in Fig. 3a. It was observed that 92.12 + 2.62%
decolorization took place in the anodic region, whereas some of MO was
treated in the cathodic region.MO concentration in the effluent was
2.42 + 1.33 mg/L. The majority of dye decolorization occurred in the
anodic region due to suitable environmental conditions such as avail-
ability of the substrate, biomass and favourable redox potential. Redox
potential of < —50 mV is imperative for the breakage of azo bond, which
totally corroborates with the reductive environmental conditions (i.e.,
—229.43 4+ 43.02 mV) in the anode chamber of CW-MFC [22]. These
results are in agreement with the published literature [22,24]. More-
over, surface adsorption onto the graphite and biomass could also
attributedin dye removal. However, due to the saturation of graphite
gravels and biomass, adsorption-like mechanisms could not be sustained
for longer extended period [14].

In order to investigate the possible pathway of dye degradation,
samples were collected from the influent, upper anodic region effluent,
and cathode effluents,were analyzed via UV-visible spectra (Fig. 3a).
The UV-Vis spectra of influent, anodic, and cathode effluent samples
confirmed the azo bond cleavage as well as the degradation of MO. In
case of influent wastewater, a strong absorbance band observed at 464
nm suggests denotation of the conjugated structure by the azo bond
under the influence of electron-donating dimethyl amino group [35].
Another band at 270 nm may be related to n to n* transition in the ar-
omatic rings. In anodic sample, no bands were observed at 464 nm and
270 nm, whereas a new band appeared at 248 nm, signifying that azo

bond (—N—N—) cleavage has led to the formation of sulphanilic acid as
confirmed by UV-Vis spectra of the standard sulphanilic acid solution
shown in Fig. 3b; similar observations were also suggested by other
researchers [35-37]. The degradation of dye in anodic effluent can be
explained on the basis of the presence of electronegative sulphonyl
group on the para position in MO, which can extract the electrons from
—N=N— bond via resonance to convert it into an electrophilic and
reduced form [38]. Hence, bio-electrochemical pathway behind the
reduction of azo bond could be consumption of electrons generated with
the oxidation of biodegradable substrate catalyzed by the anodic bio-
film. It may be realized that these generated electrons are donated
outside their cell wall by the electroactive microorganisms known as
EABs or exoelectrogens [13], as depicted in Fig. 4.

As the anodic effluent reached the aerobic cathode chamber of the
CW-MFC, the band observed in anodic effluent at 248 nm was signifi-
cantly decreased, and the observed band was ten-times lower in absor-
bance than the anodic samples i.e., from = 3.35 to 0.36 (Fig. 3c). Such a
significant decrease in absorbance from the anodic to cathodic regions is
an indication of the decrease or disappearance of the aromatic rings of
the effluent [7]. However, a sharp increase of sulphalinic acid in the
anodic region depicts the accumulation of sulphanilic acid, while
decline of the same band in cathodic region signifies its further degra-
dation [6,36]. These results are in agreement with the general consensus
that sulphalinic acid can only be degraded in an aerobic environment
[39]. Moreover, further confirmation of MO mineralization from anodic
and cathodic samples was carried out via GC-MS.

The UV-Vis spectra confirmed the formation of sulphalinic acid from
the anodic samples. The GC-MS analysis indicates the formation of N, N-
dimethyl-p-phenylenediamine (DMPD) intermediate from the anodic
sample [40] and DMPD was eluted at a retention time of approximately
17.29 min with m/z of 136 as shown in Fig. 3d. Since the boiling point of
sulphalinic acid is higher than the temperature limit of the gas chro-
matography, it was not detected in the GC-MS analysis. Moreover, from
the MS fragmentations pattern, m/z peaks of the characteristic fragment
ions were observed at 136, 108, 93, 88, 77, 60, and 18, which are in
accordance with the reported results [36,40-42]. Since the anodic
effluent flows down towards cathodic region, the total mineralization of
MO occurred in the cathodic region, which was confirmed by GC-MS
analysis (Fig. 3e). Since the aeration at the cathode provided sufficient
electron acceptor for the degradation of azo dye intermediates, the
degradation occurred more in the cathodic region. Thus, creating suit-
able ORP conditions for DMPD degradation, requires ORP of 120 mV
[22], which is coherant with our achieved value of 140.2 mV in the
cathodic chamber. In the effluent samples, no aromatic ring compound
was detected (Fig. 3e). The compounds detected in the effluent samples
were in the mineralized forms such as diethylpyrocarbonate, 1-Ethoxy-
3-methyl-2-butene, 1,2-ethanediol/ monoacetate, 2,3-dimethylheptane,
2-pentanone,4-hydroxy-4-methyl, 1-butylnonyl acetate, which were
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Fig. 3. (a) MO concentration in influent, anodic and cathodic regions of CW-MFC, (b) UV-Vis spectra of sulphanilic acid, (¢) UV-Vis spectra of influent, anodic, and
cathodic effluent (d) GC-MS chromatogram of the anodic effluent, and (e) GC-MS chromatogram of the cathodic effluent.

eluted at 3.060, 3.287, 3.753, 4.153, 7.613, 10.797, respectively
[43,44]. Mineralization in the aerobic region can be due to the incor-
poration of oxygen atoms from O, into the aromatic rings of the in-
termediates before the fusion of ring, catalyzed by the oxido-reductase
enzyme of both mono and di-oxygenases [7] as depicted in Fig. 4.

Additionally, the results are in accordance with published work [39],
where oxygen consumption was directly proportional to sulphanilic acid
degradation. As per literature findings [45], when the anaerobic me-
tabolites of azo dye were metabolized aerobically, the formation of
smaller aromatic and polar compounds have led to the shift in the
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Aerator sparger-

Cathode chambe

Aerator

Aerobes

CW-MFC design Dye Initial COD Initial dye Decolourisation HRT Max. power density Ref.
concentration (mg/L);%  concentration (mg/ efficiency (%) (in
COD removal L) days)

Batch single chambered Methylene Blue (MB) 1500; 75 500 93.15 4 15.7 mW/m? [14]

Single chambered Reactive brilliant red X- 180; 85.65 150 91.24 3 302 mW/m°® [20]
continuous vertical 3B (ABRX3)
upflow

Single chambered Reactive brilliant red X- 300; 72.5 500 94.9 3 852 mW/m° [21]
continuous vertical 3B (ABRX3)
upflow

Single chambered Methyl Orange (MO) 50; 56.20 450 87.6 3 81 mW/m> [22]
continuous vertical
upflow

Single chambered Reactive brilliant red X- 300; 60.76 300 92.7 3 117 mW/m? [46]
continuous vertical 3B (ABRX3)
upflow

Single chambered Acid Red 18 (AR18) 500 91 1 8.67 mW/m?> [47]
continuous vertical
upflow

Single chambered Real dyestuff 1580 + 200 ;70 + 2% 1712 + 38 82.2+1.7 3 198.8 mW/m?> [23]
continuous vertical wastewater (*ADMI)
flow

Single chambered Acid Red 18 (AR18), AR18: 560; 74, AO7: AR18: 200, AO7: AR18: 96, AO7: 67, 1 AR18: 1.58 mW/m?, [24]
continuous vertical Acid Orange 7 (AO7), 624 200, CR: 200 CR: 60 AO7: 1.13 mW/m?,
flow Congo Red (CR) CR: 1.02 mW/m?

Two-step horizontal Real dyestuff 1058 + 120; 74.10 + 30170 + 300 97.32 + 1.90 4 197.94 mW/m? [48]
sub-surface flow in wastewater 1.75 (*ADMI)
batch

Earthen membrane- Methyl Orange (MO) 550; 94.04 + 2.87 50 94.22 + 1.33 1.13 148.29 mW/m? Present
based two study

chambered CW-MFC

*ADMI- American dyes manufacturers institutes (denotes index value of mixed dye solution).

retention peak to lower value. Similar results can be visualized in the

present study via the GC-MS data as shown in Fig. 3d and 3e.

Decolourisation efficiency and COD removal of data collected from

mg/L) showed 96% and 74% removal, respectively.

different published sources along with the results obtained in present
study using CW-MFC for the removal of azo dyes are compared in
Table 1, wherein colour removal efficiency and COD removal data
varied from 60.0% to 90.72% and 56.20% to 95%, respectively. The
COD removal and decolourisation in the current work are comparable to
those published in the literature [24], where the acid red 18 (initial
concentration of 200 mg/L) and organics (initial concentration of 560

3.4. Electricity generation

The maximum current density and power density achieved were
544.6 mA/m> and 148.29 mW/m?, respectively and the CW-MFC was
characterized electrochemically by plotting the polarization curve as
shown in Fig. 5a. The polarization study was conducted after achieving
steady-state and in the initial phase of the experiment, accordingly
external resistance of 2KQ was decided based on the polarization study .
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Fig. 5. (a) polarization curve of CW-MFC at varying resistances and (b) voltage profile of the earthen CW-MFC for the entire study.

The polarization curve provides a basic idea about the losses, which
mainly affected the system performance such as less voltage output than
the predicted thermodynamic ideal voltage. The observed losses were
ohmic, activation and mass transfer [30,49]. These losses are recorded
during the electrochemical reaction, mass transfer, and charge transfer
in anodic and cathodic regions of the CW-MFC [16]. Anode and cathode
electrodes were placed closer to each other to reduce cathodic ohmic
losses, and hence protons have a small distance to travel [50]. It is also
reflected with the CW-MFC design in the present study where protons
had to travel through the porous earthen membrane up to a few mm.
Also, the presence of intermittent aeration in cathodic region might have
reduced the activation and mass transfer losses by fulfilling the oxidant
(03) requirement, thereby promoting the power output of CW-MFC
[30,32]. The negative value of —229.43 + 43.02 mV ORP in anode
and positive ORP of 84.03 + 58.80 mV at the cathode created a high
redox potential/potential difference between the anode and cathode,
which further elevated the current flow and thereby, the electricity
generation.

The three losses such as activation loss, ohmic loss, and concentra-
tion loss were observed in the polarization curve shown in Fig. 5a. The
activation losses are depicted by the sharp decrease in the voltage,
whereas ohmic loss was expressed by the slow declining nature of the
voltage (almost in a linear manner). Moreover, concentration losses are
symbolized by the rapid fall of voltage at the high current density [29].
Furthermore, voltage profile of CW-MFCis shown in Fig. 5b, where the
highest voltage was achieved in CW-MFC at 498 mV in 2 KQ resistance
load. The higher voltage output can be due to the presence of MO, which
could function as redox shuttle by reversibly oxidizing and reducing
itself in the process of transferring electron to anode/solid electron
acceptor thus accelerating the extracellular electron transfer [14], as
depicted in Fig. 4. Additionally, in the voltage profile, there was an in-
crease in the voltage, which further gradually decreased.

Table 2

3.5. Phytotoxicity assessment

Phytotoxicity results of Cicer arietinum, Triticum aestivum, and Vigna
radiata seeds revealed that dye-containing influent wastewater inhibited
the germination and growth when compared to tap water control,
wherein, the root growth inhibition of 51.10%, 68.83%, and 15.13%
was observed for C. arietinum, T. aestivum, and V. radiata, respectively.
On the contrary, increased seed germination and growth (in both root
and shoot length) were observed in the anodic and cathodic effluents as
shown in Table 2. Comparing the anodic effluent to cathodic effluent,
root germination increased from 11.62% to 34.27% in C. arietinum;
13.53% to 60.28% in T. aestivum; and 30.72% to 69.70% for V. radiata
seedlings. This signifies the decrease of toxicity level in cathodic effluent
compared to anodic effluent as the seed germination and growth was
higher in cathodic effluent samples than the upper anodic samples. This
was attributed to the enhanced degree of mineralization in the subse-
quent aerobic treatment of the aromatic toxic by-products produced
during the anerobic treatment in the anodic chamber. The present data
indicate that sulphonated dyes were toxic for C. arietinum, T. aestivum;
and V. radiata seedlings owing to the toxicity of both parental dye and
their metabolized aromatic compounds. Moreover, the accumulation of
dye in seedling tissues would cause the DNA impairment in plants cell,
thereby hindering the growth [51]. Further, increased shoot germina-
tion and growth was also observed in case of all the grown seedlings
compared to the tap water control. Similar results were also presented
from other studies [52], where 13.33% increase in growth from the
treated to the untreated dye wastewater was observed in the case of
V. radiata. Moreover, the highest increase in germination and growth
was noticed in V. radiata seedling due to its early seedling growth
compared to other seeds. The increased growth in the anode upper and
cathode effluents clearly indicate a reduction of aromatic MO metabo-
lites to the mineralized compounds, which has reduced the phytotoxicity

Phytotoxicity assessment with different seeds in the influent, anodic effluent, cathodic effluent, and tap water (chosen as control).

Vigna radiata % Shoot inhibition rate (IR)/% growth rate (GR)
% Root inhibition rate (IR)/% growth rate (GR)
Mean shoot growth (in cm)

Mean root growth (in cm)

Triticum aestivum % Shoot inhibition rate (IR)/% growth rate (GR)
% Root inhibition rate (IR)/% growth rate (GR)
Mean shoot growth (in cm)

Mean root growth (in cm)

Cicer arietinum % Shoot inhibition rate (IR)/% growth (GR)

% Root inhibition rate (IR)/% growth rate (GR)
Mean shoot growth (in cm)

Mean root growth (in cm)

Test solution

72.81 (IR) 1.62 (GR) 14.37 (GR)

15.13 (IR) 30.72 (GR) 69.7 (GR) -
2.175 8.13 9.15 8
1.29 1.987 2.575 1.52
51.24 (IR) 10.24 (GR) 11.43 (GR) -
68.83 (IR) 13.53 (GR) 60.28 (GR)

2.35 5.314 5.371 4.82
1.2 4.371 6.171 3.85
68.47 (IR) 23.1 (GR) 39.86 (GR)

51.10 (IR) 11.62 (GR) 34.27 (GR) -
0.4571 1.785 2.028 1.45
2.528 5.771 6.942 5.17
Influent Anode effluent Cathodic effluent Tap water
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Fig. 6. The microbiological analysis (a) based on phylum for anodic, cathodic region and inoculum based on the class level, (b) anodic region, (c) cathodic region,
(d) inoculum and (e) phylogenetic tree showing the involvement of different species in the dye removal.
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Fig. 6. (continued).

to a significant level. Accordingly, present study successfully suggests
that cathodic dye effluents were not phyto-toxic, but are relatively safe
for the discharge.

3.6. Microbial community analysis

The microbial community analysis of anodic and cathodic samples in
comparison to inoculum was characterized by 16S rRNA sequencing.
The inoculum for the CW-MFC was found to be more diverse with the
operational taxonomic units (OTUs) of 9403 in comparison to anodic
and cathodic samples with OTUs of 6568 and 7304, respectively. The
Shannon and Chao indices of the inoculum were 5.84 and 1136,
respectively. At the same time, anodic and cathodic samples exhibited
the Shannon and Chao indices of 5.71 and 683, 5.73 and 588, respec-
tively, suggesting that cathodic and anodic samples exhibited low spe-
cies diversity and richness compared to inoculum and the results
indicate that anodic and cathodic samples were enriched with the se-
lective microbial communities [23]. The most abundant microbial
community in anodic samples consisted of phylum Bacteroidetes
(19.09%) followed by Proteobacteria (14.14%), Spirochaetes (11.80%),
Chlorofelxi (7.72%), Firmicutes (7.43%), Caldiserica (6.26%), Acid-
obacteria (5.39%), Euryarchaeota (5.10%), Patescibacteria (4.37%), Ver-
rucomicrobia (4.08%), Elusimicrobia (2.18%), Actinobacteria (2.18%),
Epsilonbacteraeota (1.16%) with the other phyla of lesser than 1%,
whereas cathodic community was found to be populated with phylum
Proteobacteria (59.50%) succeeded by Bacteroidetes (12.23%), Acid-
obacteria (8.59%), Firmicutes (3.63%), Actinobacteria (2.14%), Verruco-
microbia (1.32%), Gemmatimonadetes (1.157%) and Planctomycetes
(1.488%) as shown in Fig. 6a. It can be observed from Fig. 6a that some
of the microbial communities from inoculum disappeared/shifted in
anodic and cathodic samples, which indicates that some of the microbial
communities were intolerant to dye wastewater. The abundance of
Proteobacteria, Bacteriodetes as well as Firmicutes in anodic samples
rather than cathodic samples were also confirmed in the conventional
anaerobic digestors as well as in the bioelectrochemical systems [53,54].
In other studies [55], the abundance of Proteobacteria, Bacteroidetes,
Actinobacteria, Planctomycetes, Firmicutes within a bio-cathode of MFC
were also recorded, whereas Yang et al., [56] observed a higher abun-
dance of Euryarchaeota while treating industrial dye wastewater in a
pilot-scale anaerobic reactor. These are also found in the anodic sample
of the present study.
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Additionally, Proteobacteria of the anodic samples were abundant
with the class Deltaproteobacteria (8.45%), followed by Gammaproteo-
bacteria (4.22%), and Alphaproteobacteria (1.45%) as shown in Fig. 6b,
wherein, Deltaproteobacteria were mostly dominant in the anodic sam-
ples of CW-MFC. In class Deltaproteobacteria, the presence of an exo-
electrogenic species Geobacter (1.16%) was observed, which are obligate
anaerobic bacteria (i.e., prefers strictly anaerobic condition). These
species are responsible for the extracellular electrons transfer during the
organic degradation to promote the electricity generation in bio-
electrochemical systems [57]. Additionally, the presence of genus
Desulfovibrio (2.04%) and Desulfobulbus (0.58%) from Deltaproteobacteria
promoted the electricity generation as it is capable of bidirectional
extracellular electron transfer [58].

Contrarily to cathodic samples, the presence of microbes from the
phylum Proteobacteria followed the sequence of Gammaproteobacteria
(36.03%) > Alphaproteobacteria (22.14%) > Deltaproteobacteria (1.32%)
as observed in Fig. 6¢. The abundance of Gamma and Alpha Proteobac-
teria in the cathodic samples when compared to anodic samples indi-
cated the tolerance of these microbes towards MO and the major
involvement of Alpha, Beta, and Gamma Proteobacteria microbes were
also reported [59] for the degradation of azo dyes. Whereas, other dye
degrading microbes include the Desulfobacterium from class Deltapro-
teobacteria [60], Flavobacterium from class Bacteriodetes, Aminobacter
from class Alphaproteobacteria, and Sphingomonas belonging to the class
Alphaproteobacteria [61], were mainly related to aromatic degradation
and azo dye reduction. In addition, the OTU abundance of genus
Sphingomonas was increased from 0.29% to 1.15% in anodic to cathodic
samples due to their involvement in aromatic ring degradation of MO.
The presence of Comamonas species (0.33%) from phylum Proteobacteria
in the cathodic samples was found to be responsible for degrading ani-
line aerobically [62].

The abundance of species Clostridium from phylum Firmicutes in the
anodic sample was 7.43%, whereas in the cathodic samples, it was
3.63%. The microbes from the phylum Firmicutes mainly played the role
in the conversion of complex carbon to simpler molecules and further in
the electron transfer process [62]. Likewise, phylum Choloflexi was
abundant in anodic samples, which was responsible for converting the
carbohydrates into electricity [23]. Additionally, the presence of
phylum Planctomycetes in the cathodic region might have played the role
in oxygen reduction, similarfindings were reported in the literature
[63].
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The inoculum consisted of 2.96% of phylum Acidobacteria, but since
it is exposed to dye wastewater in the anodic chamber, it was increased
to 5.39% and further in the cathodic chamber, it was 8.95% as shown in
Fig. 6d. The most abundant genus in the cathodic region belong to
Acidobacteria i.e. Solibacter (3.63%) species as well as the other species of
Acidithiobacillus, Thiomonas, and Acidobacteria genera, which were
found to be responsible for the assimilation of sulphur [64]. Moreover,
some species of genus Xanthomonas, Acidithiobacillus and Thiomonas
were capable of degrading sulfonated azo bonds that can functionalize
as azo dye reductase. Additionally, other species like Desulfobulbus,
Acidithiobacillus, and Thiobacillus were also capable of degrading aniline
via benzoate degradation pathway [65]. Moreover, the detection of
species in the cathode related to Geothrix genus (1.32%) in Acidobacteria
phylum can be accounted for producing an unidentified mediator
[62,65,66]. However, for a better understanding, a phylogenetic tree
was prepared for anodic and cathodic microbial communities showing
their involvement in a different process (Fig. 6e).

From the forgoing arguments, it can be deduced that anodic biofilm
was rich in electrogenic microbes (EABs-Proteobacteria), which are
responsible for high organics removal and electricity generation. At the
same time, cathode microbial diversity has a high abundance of aro-
matic compounds reducing bacteria (Gamma and Alpha Proteobacteria),
which can be accounted for the total mineralization of aromatic amines.
Moreover, a high abundance of azo dye degrading bacteria (Bacter-
iodetes) and organic degrading bacteria (Cholorofiexi) justify higher azo
bond cleavage and organics removal in the anode, which was contrarily
in the cathode with Choloroflexi < 1% owing to lesser organic content
remaining in the cathode. Additionally, as the bottom of the anode
chamber was fed with a high concentration of organics with fresh
incoming wastewater, thus it has the majority of fermentative bacteria
(Firmicutes), which helps in the oxidation of the substrate. In conse-
quence of the anaerobic conditions in the anode, Planctomycetes were
totally absent, but were identified in the cathode due to its functioning
as the cathode oxygen reducing bacteria. Also, methanogenesis bacteria
(Verrucomicrobia and Methanomicrobia) were evident in the anode due to
low DO profile contrary to the cathode.

4. Conclusions

An innovative design of the earthen membrane-based two chambers
CW-MFC with the sequential anaerobic and aerobic regimes proved its
potential for an efficient removal of MO azo dye containing wastewater
with a simultaneous electricity generation of 148.29 mW,/m®. This two-
chambered earthen membrane-based CW-MFC was found to be benefi-
cial compared to a single-chambered CW-MFC, which achieved 94.04 +
2.87% COD removal and 94.22 + 1.33% azo dye removal. The results
further indicated high COD and azo dye removal in anodic and cathodic
regions, which played an important role for the complete mineralization
of MO aromatic intermediates to lesser harmful and non-toxic products.
Toxicity data corroborated with the reduction of phytotoxicity levels in
anodic and cathodic effluents by displaying the root growth of 18.62 +
10.51% and 54.75 + 14.98%, respectively in comparison to tap water
control, which was performed with three different seeds. A comparison
of Shannon and Chao indices between anodic, cathodic, and inoculum
OTUs revealed the selective enrichment of dye degrading, aromatic
reducing, cathode oxygen reducing, and electrochemically active mi-
crobial communities in anodic and cathodic regions. In view of the
higher performance by the earthen membrane-based two chambered
unplanted CW-MFC, it can be further explored in the context of real
textile dye wastewater, addition of vegetation, packaging substrate,
pilot scale implementation and workable energy harvesting aspects.
Besides, clogging assessment can also be evaluated, which is one of the
common challenges in CWs. Moreover, the impact of numerous other
factors such as (i) thickness of the earthen pot membrane, (ii) electrode
distancing and (iii) siphoning effect, on the azo dye removal can be
evaluated.
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