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The METland® concept constitutes a hybrid concept for treating wastewater where microbial
electrochemical technologies (MET) are integrated with constructed wetlands (CW) to enhance pollutant
removal. Although electroactive bacteria (EAB) were thought to be restricted to anaerobic environments,
we decided to explore alternative aerobic conditions like those found in down flow vertical CW. Two
electroconductive (EC) biofilters fed with real urban wastewater were operated under downflow (aerobic)
and upflow (anaerobic) conditions. The objective was to evaluate the impact of the operational mode on
both the removal of pollutants and the microbial community profile. Surprisingly, despite the aerobic
nature of the downflow EC biofilter, our results revealed an abundance of EAB from the Geobacter genus,
opening a new scenario for treating wastewater based on stimulating extracellular electron transfer.
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DOI: 10.1039/c9ew00696¢ Furthermore, the co-presence of Geobacter and Thiobacillus suggests the existence of interspecies

electron transfer leading to nitrate respiration in our system. Moreover, the downflow EC biofilter
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outperformed the anaerobic upflow one in terms of COD, BODs and nitrogen removal.

In spite of the general statement that wastewater treatments based on electroactive bacteria (electron interchange with electroconductive materials) should
be operated under anoxic conditions, we have shown how such microorganisms are compatible with a redox environment found in aerobic-downflow
biofilters (vertical constructed wetlands 3 m* pe™'). The new concept, the so-called METland®, outperforms wetlands by nitrifying and reducing the surface

requirement to 0.5 m” pe ".

Introduction

Since the discovery of electroactive microorganisms, those
capable of directly exchanging electrons with electrically
conductive materials," a number of innovative applications
in the field of wastewater treatment (WWT) have been
extensively explored. For instance, the conversion of chemical
energy from wastewater into electrical power, by means of
bioelectrochemical devices like microbial fuel cells (MFC),
constitutes the most extensively reported concept on the lab

2,3

scale>? and, occasionally, on the pilot scale.*”” Beyond the

energy harvesting potential of this technology, alternative
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applications like hydrogen production,® nutrient removal,” "
biosensing,"*® nutrient recovery,'®'” sulphate reduction,'®
or metal recovery,"”?° to name a few, have made MET an
attractive platform.

In contrast to all those applications, it has been
suggested that integrating MET into already existing systems
like anaerobic digesters®® and oxic-anoxic systems from
WWT plants’® may be an effective approach to accelerate
the implementation on a full scale. Among existing
technologies, flooded constructed wetlands (CW) were
recently identified as potential hosts for integrating MET-
based technologies.”” CW are engineered systems made of a
gravel or sand biofilter bed with wetland plants that use the
natural functions of vegetation and microorganisms to
remove pollutants from wastewater. They have been widely
used for decades in urban WWT for small communities™
and present the advantages of low energy requirements,
low costs of operation and maintenance, and good
landscape integration in comparison to conventional WWT
technologies.>* In this context, the combination of MET and

This journal is © The Royal Society of Chemistry 2020
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CW has been successfully implemented in a few previous
studies leading to a hybrid technology the so-called
METland®.>> >’ Other studies have integrated MFC concepts
into CW with the purpose of harvesting energy, although
the strategy of burying electrodes in the gravel of
conventional CW exhibited a minor impact on the wetland
performance from the water purification perspective.”*° In
contrast, the METland® concept followed an alternative
approach by replacing the classical biofilter material (gravel
and sand) with an EC material so bacteria can interchange
electrons with the bed. The first METland® was based on
horizontal subsurface flow (HSSF),>® a saturated system in
which anaerobic conditions prevailed. Such METland® units
made of EC materials outperformed standard CW by 4-fold
after ca. 4 years of operation at 2 m® per day.”’ METland®
bacterial community analysis revealed the enrichment of
Deltaproteobacteria, a known electroactive taxon, and
Geobacter, the most extensively studied model EAB and the
dominant genus in the deeper zones of the EC bed where
oxidation of organic matter occurred.”® Additional studies
based on electric potential values showed how the electron
flow profile along the bed is severely affected by using an
EC material from METland® instead of inert gravel or sand
used in standard CW.*® This electron flow from the deeper
anaerobic bed towards oxygenated upper layers seems to be
the driving force to enhance COD removal even under
anaerobic conditions. A similar concept has been already
described for certain kinds of microorganisms (the so-called
cable bacteria) which are capable of forming filaments and
capable of transfering electrons from reducing environments
in the sediment to upper layers with a more positive redox
potential through the cell bodies forming the filament.***
In contrast to the standard CW that use inert material, the
METland® concept allows to play with EC material of
different nature, from graphite or coke to more sustainable
materials like EC biochar, produced by Quercus pyrolysis.>”
Although the HSSF METland® concept was effective in
terms of COD removal, including pharmaceuticals and
micropollutants,® the anaerobic nature of the HSSF was not
optimal for removing ammonium. Optimal ammonium

Table 1 Experimental design of the two sets of biofilters, SWW and UWW.
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removal requires a different kind of CW called vertical flow
(VF) where wastewater is dosed downflow (DF) through the
system intermittently leading to an aerobic environment so
nitrification by aerobic microorganisms is strongly favoured.
Standard VF CW have lower surface requirements (around 3
m™ pe ') and do not suffer from the typical clogging present
in HSSF CW, when they are operated by intermittent DF.>®

Interestingly, EAB research is typically limited to anaerobic
conditions for avoiding oxygen to compete with the EC
material to accept electrons. So, in this scenario, it may seem
counterintuitive to study EAB wunder a typical aerobic
environment like VF CW. However, the main goal of this
research was to assess the possible synergistic effects of both
EC material and aerobic operation, in a vertical DF
electroconductive biofilter (EC-biofilter) to enhance the
removal of organic matter and nutrients.

Materials and methods

Experimental design

Two different sets of biofilters were assayed designated as
SWW, for testing synthetic wastewater, or UWW, for testing
urban wastewater (Table 1).

First, SWW biofilters made of PVC (900 mm long, 90 mm
outer diameter) were built to be operated as VF CW. One was
filled up with an EC material (coke granules) as a biofiltering
bed, and the other with standard inert gravel (as control)
(Fig. 1). Both biofilters were perforated at their lateral at 30
cm and 60 cm from the bottom. Through every hole, a PVC
tube of 16 mm diameter was inserted sloping as a collector
for sampling waste. Bottom caps were perforated to let the
water drain and facilitate air convection; likewise, top
caps were perforated as a showerhead to improve the
homogeneous distribution of synthetic wastewater. Systems
were filled with a granulated material (@ 5-10 mm) up to 80
cm, leaving a reservoir on the top to avoid overflowing.

With the purpose of generating a real biological community,
the biofilters were inoculated with real urban wastewater from
the municipality of Carrion de los Céspedes (Sevilla, Spain)
(2500 inhabitants) by circulating it for 3 days. Then, they were

DF: downflow; UF: upflow; EC: electroconductive

Study of
Experimental Type of Type of Mode of Total HLR Inoculation bacterial
design wWwW Start-up  biofilter operation  volume (mmd™) EAB Objective communities
SWW Synthetic 1 month EC Vertical DF  4.7L 280 Yes Compare EC vs. inert DF No
biofilters wWwW biofilter (aerobic) 560 performance
1120
Inert Vertical DF  4.7L 280 Yes No
biofilter (aerobic) 560
1120
UwWw Primary 1 month EC Vertical DF  23.5L 258 No Compare aerobic vs. anaerobic  Yes
biofilters treated biofilter (aerobic) EC biofilters performance and
urban EC Vertical UF 23.5L HRT1d No bacterial communities Yes
wWwW biofilter (anaerobic)
Inert Vertical DF  23.5L 258 No Compare bacterial communities Yes

biofilter (aerobic)

This journal is © The Royal Society of Chemistry 2020
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30cm 30cm 20cm

Fig. 1 Design of the first experimental vertical down-flow biofilters
SWW set up.

inoculated with 50 ml of Geobacter sulfurreducens culture with
0.51 units of optical density at 600 nm.

The biofilters had a total volume of 4.7 L and a water
volume of 1.6 L. The systems were fed from the top using
anoxic synthetic wastewater (SWW) sparged with nitrogen gas
(see ESIt Table S1). A peristaltic pump was calibrated for flow
rates of 1.6, 3.2 and 4.8 L per day in the experiment. Such a
flow rate implied hydraulic loading rates (HLR) of 280, 560
and 1120 mm d™' that would correspond to 24, 12 and 6
hours of hydraulic retention time (HRT) if they were flooded,
respectively. Henceforth, although the water was not retained
inside the biofilters (it just percolated through the media),
we have used the HRT for referring to the hydraulic
operation.

A second set of VF EC-biofilters (the so-called UWW) was
constructed on a pilot scale (Fig. 2) to be tested with urban

DOWN-FLOW
METIand®

UP-FLOW
METland®

70 cm

INFLUENT

AIR CHAMBER
VENTHOLES 7

[ Coke 5-10 mm
Coke 20-25 mm

Fig. 2 Design of the second experimental DF (aerobic) and UF
(anaerobic) pilot UWW EC-biofilters (METland®).
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wastewater in two operational modes: one was operated as an
upflow (UF) biofilter, flooding all pores of the bed and
maintaining anaerobic conditions, while the other was non-
flooded and operated as a DF biofilter, leading to an aerobic
environment inside the bed. Both UF and DF biofilters were
made of PVC cylinders (200 mm diameter and 900 mm
height) and filled up with electrically conductive coke
granules. From bottom to top, the first 5 cm of the biofilters
was filled with a coarse material (@ 25 mm) followed by 70
cm of finer material (@ 5-10 mm). The DF EC-biofilter also
had a 1 cm layer of sand (& 0.27 mm) at the top for the even
distribution of inlet wastewater. The bottom of the DF EC-
biofilter was perforated with 1 cm diameter holes allowing
the water to drain into an air chamber which provided better
circulation of air through the media. The systems had a total
volume of 23.5 L including a water volume of 8 L and an inlet
area of ca. 0.03 m’.

This second set of EC-biofilters (UWW) was fed by
programmed pumping with real urban wastewater, previously
treated in an Imhoff tank (wastewater characteristics shown
in ESIT Table S2). All assays were performed in a Carriéon de
los Céspedes WWT plant (Sevilla, Spain, 2500 inhabitants)
for 175 days. The DF EC-biofilter was fed from the top
intermittently with 8 L d™* with 16 pulses for 10 minutes
(0.05 L min™"), which corresponds to a HLR of 258 mm d .
In contrast, the UF EC-biofilter was continuously fed at 8 L
d™ from the bottom, giving a nominal hydraulic retention
time (HRT) of 1 day. The biofilters were operated for one
month prior to sample analysis.

Plants are typically integrated in CW for oxygenating the
root zone and for providing a habitat to aerobic
microorganisms. Thus, plants were not included in our
experimental setups in order to achieve a better control of
the redox interactions between bacteria and the bed. BOD;
loading rates of 10 to 40 g m™> d™* are often used in VF CW
depending on the design, with most designs using a loading
rate of 20 g m™> d™* to achieve a BOD; concentration of the
effluent under 25 mg BOD; L™ (ref. 37) and fulfil legal
requirements for WWT.*®

Physicochemical and statistical analysis

For the first experiment, synthetic WW was prepared weekly,
the pH was adjusted to 7 and it was autoclaved to avoid
biological degradation of the substrates. Influent, effluent
and intermediate sampling points (20 cm and 50 cm from
the top) were daily sampled. The WWT performance of the
biofilters was determined by analyzing the evolution of COD,
ammonia nitrogen (NH,-N), nitrate nitrogen (NO;3-N) and
nitrite nitrogen (NO,-N). COD was analyzed following
standard methods.*® Nitrogen forms were analysed by ion
chromatography (930 Compact IC Flex, Metrohm).

During the second experiment, samples of influent
wastewater and effluents of the systems were analysed weekly
to monitor the biofilter performance in terms of biochemical
oxygen demand (BOD;), total suspended solids (TSS), total

This journal is © The Royal Society of Chemistry 2020
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phosphorous (TP), total nitrogen (TN), ammonium nitrogen
(NH4-N), and nitrate nitrogen (NO;-N). Wastewater was
sampled twice a week for chemical oxygen demand (COD)
analysis. All the analyses were performed following the
standard methods.>® Electrical conductivity (EC), pH,
dissolved oxygen (DO), temperature (T) and redox potential
(ORP) were measured with a handheld multiparameter (YSI
556 MPS).

Pollutant removal efficiencies were calculated in
percentage while removal rates were calculated in grams per
cubic meter of the biofiltering bed for a day. Statistical
procedures to evaluate the performance of the biofilters were
conducted using the Statgraphics Centurion XVII statistical
software package. Tests were used to determine the
differences of every water quality parameter among the
sampling points and pairs were compared by LSD multiple
range comparisons (95% confidence).

Microbial communities’ study

Sampling, DNA extraction and 16S rDNA sequencing. In
the UWW experiment, samples were taken from each of the
three biofilters (from 40 cm depth) in duplicate to determine
the composition of their microbial communities. The
granules of coke and gravel were sampled with tweezers and
dipped in sterile, 50 ml saline solutions (NaCl 7 g 1) in
triplicate in order to remove loosely attached bacteria. These
rinsed granules were first frozen and then fully processed
within a week. Around 10 granules were extracted for each
sample spot.

DNA was extracted with PowerSoil spin columns (MO BIO
Laboratories) and amplified with primers 341F 5-CCTACGGG
NGGCWGCAG-3' and 785R 5-GACTACHVGGGTATCT AATCC-
3,% targeting the V3 and V4 regions of the bacterial 16S
rRNA gene. The polymerase used was 2x KAPA HiFi HotStart
Ready Mix (KAPA Biosystems) and the PCR conditions were:
initial denaturation at 95 °C for 3 minutes followed by 25
cycles at 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s, and
a final elongation step at 72 °C for 5 minutes. 1/50 dilution
of PCR products was then re-amplified (15 cycles) with
Ilumina's primers. Illumina PCR reactions were gel purified
in order to get rid of any possible primer-dimers and
undesired products. Finally, the products were run on a
Bioanalyzer (Agilent) to estimate the concentration of each
sample within the region of interest and the successful
generation of equimolar pools was confirmed by qPCR.
Sequencing was performed with the MiSeq equipment using
the 2 x 250 bp format and following Illumina's protocol.

The Illumina Miseq sequence reads have been deposited
in the European Nucleotide Archive (ENA) databases under
accession no. PRJEB15667.

Bioinformatics analysis. The total sequence reads were
analysed with the QIIME 1.7 pipeline** with a few stitches
along the way. Briefly, complementary reads were merged
using fastq-join.*> Subsequently, our quality filtering strategy
removed complemented sequences that had one of the

This journal is © The Royal Society of Chemistry 2020
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following characteristics: (i) deviated more than 10 bp from
the expected length (292); (ii) contained primers with more
than 1 mismatch; or (iii) contained nucleotides with a Phred
score of <20. Filtered sequences were organised into OTUs
by de novo picking using Usearch® and one representative
sequence per OTU was chosen. Taxonomy was assigned using
the GreenGenes database®* version 10_12 at a 97% identity
rate. Furthermore, sequences were aligned and a tree was
generated using FastTree 2.1.3."" Finally, in order to
investigate alpha diversity and the network formed by
community members with QIIME, OTUs containing less than
0.005% of the total sample reads were removed according to
Bokulich.*®* The results have been represented as the
percentage of a specific sequence in every sample. By taking
into account the possible effect of deviation introduced by
the implemented protocol and that not all the bacterial
species have the same number of copies of 16S genes in their
genomes,”” the values can be related to the percentage of
cells of every species that were part of the sampled
communities. The alpha diversity indexes calculated were the
Chao1 richness index and Shannon index. Rarefaction curves
and the coverage percentage obtained using Good's method
were used to assess whether the clone library reflected the
actual bacterial diversity in the samples. Beta diversity was
studied to show the degree of dissimilarity between any pair
of bacteria communities. Weighted Fast UniFrac analysis and
correspondence analysis (CA) were used to identify the
differences in the bacterial community structures based on
their phylogenetic lineages.

Results and discussion

Most of the MET-based devices for treating wastewater
exhibit 2- or 3-electrode configurations where electrons flow
from an anode to a cathode; however, in the current study,
we have operated our EC-biofilters as a single electrode that
accept the electrons produced in the oxidation processes and
transfer these electrons to electron acceptors present in the
soluble medium. This short-circuited electrochemical
scenario is the so-called microbial electrochemical snorkel
(MES)*® and electrons flow through a single material instead
of a hosting independent anode and cathode. The effect of
using an EC material instead of a classical inert material for
construction of vertical biofilters was evaluated at two
different levels: biodegradation (COD, BOD and nitrogen)
capacity and microbial communities’ profile.

Exploring aerobic performance in electroactive biofilters with
synthetic wastewater (SWW)

Our first approach was to assay aerobic conditions using DF
VF CW using synthetic wastewater (SWW) as a proof of
concept.

COD removal under downflow operation (SWW). During
the first stage (HLR = 280 mm d "), the biofilters exhibited
an organic loading rate (OLR) of 175 g¢ COD m> d™* and an
estimated theoretical BOD; loading rate of 105 ¢ BOD; m™>

Environ. Sci.: Water Res. Technol., 2020, 6, 1312-1323 | 1315
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Table 2 COD and ammonium loading rates (average * SD)
corresponding to the different hydraulic loading rates tested during the
SWW experiment. Theoretical BOD was estimated to be 60% of the COD
concentration

HLR mm d™* 280 560 1120
COD loading rate g m>d™" 175 £ 16 372 +22 695 + 12
Theoretical BOD; g m > d ™" 105 £ 10 223 £ 13 4177
NH,N loading rate gm>d™"  92+1.3 197+1.2 38.8+2.6

d™" (60% COD) (Table 2). The recommended OLR for
conventional VF CW is 20 g BOD; m > d, in order to fulfill
discharge requirements, with a maximum of 50-100 g BOD;
m™> d' in the case of some optimized systems with
recirculation and energy-consuming aeration.*”** Hence, our
systems held up 5-fold the recommended OLR for
conventional VF CW. This OLR was doubled and quadrupled
in the next two periods, corresponding to HLRs of 560 and
1120 mm d ", respectively (Table 2).

There were significant differences between both biofilters
at every sampling point (p < 0.05), with the EC-biofilter as
the best performance (Fig. 3). Regarding the lowest HLR (280
mm d), this biofilter reached the legal limits of discharge at
20 cm from the inlet, with a removal efficiency of 83 + 9% at
that point (Table 3). Even at the highest HLR, this EC-
biofilter always reached the limit values of discharge (125 mg
L™ or more than 75% removal)*® at every sampling point
(Fig. 3). On the other hand, at the lowest HLR, the inert
biofilter doubled the limit of discharge for COD at 20 cm and
showed an average COD concentration of 105 + 30 mg L™ at

Electroconductive biofilter
700

600 ﬁ

300

mg coD L

200 4
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50 cm, surpassing the limit values of discharge frequently,
revealing a lower removal efficiency in comparison with the
EC-biofilter (Table 3). Concerning the higher HLR, the gravel
biofilter never reached the limits at 50 cm from the inlet
(Fig. 3).

The results are consistent with previous studies about
HSSF EC-biofilters operating under anaerobic conditions, in
which a similar trend was observed when increasing the
HLR.”® So, when the HLR was increased, the differences
between the EC and the inert biofilters became apparent,
with the EC-biofilter being the only one that fulfilled the
discharge requirements.

Nitrogen removal under downflow operation (SWW).
Regarding the metabolism of ammonium, the differences
were even more remarkable compared to those for COD
removal. In our inert biofilter, total nitrogen removal
efficiencies decreased from 97 + 1% to 57 + 7% when the HLR
was increased from 280 to 1120 mm d . In contrast, the EC-
biofilter showed a more regular performance, with total
removal efficiencies that shifted from 97 + 2% to 81 + 5%
regardless of the HLR tested (Table 3). Significant statistical
differences (p < 0.05) were found in the ammonium
concentration at every sampling point at every HLR, except
between the effluents when the HLRs were 280 and 560 mm
d™ (ESIf Fig. S1). It can be also observed that the larger the
HLR, the larger the differences of ammonium concentration
between the EC and inert systems at every sampling point.

At a distance of 50 cm from the inlet, the EC-biofilter
removed 95% of the ammonium at 280 mm d, resulting in
an average concentration as low as 1.6 + 0.2 mg NH,-N L™ at

Inert biofilter
700

600 ﬁ 4

300 y

mg coD L

200

100 +§

IN 20cm 50cm OUT

= HLR 280 mm " 100
=1 HLR 560 mm d"'
C—HLR1120mmd’ 0

IN 20cm S50cm OUT

Fig. 3 The graphs show the influence of the material on the biofilter performance at different HLRs. SWW electroconductive biofilter (left) and
inert biofilter (right). Samples were taken at different locations inside the biofilter. Dashed line indicates the COD limit of discharge (125 mg L™).

Table 3 COD and ammonium removal efficiencies (average * SD) reached at every level for each HLR in both SWW electroconductive and inert

biofilters

Biofilter Electroconductive biofilter Inert biofilter

Section 280mmd’ 560 mmd’ 1120 mmd' 280mmd’' 560mmd’' 1120 mmd*
COD removal efficiency (%) Inlet - 20 cm 83+9 — — 57 +8 — —

Inlet - 50 cm 94 +5 97 +4 825 836 873 64+5

Inlet - effluent 96 + 3 99 +1 97 +2 88+4 96 + 4 90 + 4
NH,-N removal efficiency (%)  Inlet - 20 cm 81+6 — — 51+7 — —

Inlet - 50 cm 95 + 2 78 +4 70 £ 7 87 +2 54+8 46 + 4

Inlet - effluent 97 +2 90 + 3 81+5 97 +1 86 +4 577
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that sampling point (Table 3). At the highest HLR, the
removal efficiency decreased until 70%, while the inert
biofilter only reached 46%. Not surprisingly, ammonium
removal rates were not affected by the material nature at a
low HLR (Fig. 4); however, at a high HLR, the material
showed an impact and the EC-biofilter outperformed the
inert biofilter by 1.5-fold in terms of ammonium removal.

It should be pointed out that, due to the aerobic nature of
down-flow biofilters, nitrification processes were enhanced
and ammonia can be converted to other forms of nitrogen,
such as nitrite and nitrate. Furthermore, the concentration of
nitrate at every sampling point was higher in the EC-biofilter
than in the inert one (ESI{ Fig. S1). Those data were well
correlated with the amount of ammonium that was removed.
As expected, the nitrate concentration decreased at higher
HLR values, showing the impact of the nitrification process.

Evaluating the impact of oxygen in the performance of
electroconductive biofilters using real urban wastewater
(UWW). The previous section revealed how the EC material
outperformed inert gravel when oxygen was present in both
biofilters. Our next challenge was to compare this aerobic
configuration (DF, downflow) with an anaerobic
configuration (UF, upflow thus anaerobic due to the flooded
conditions) typically found in HSSF CW.

COD removal from real urban wastewater (UWW): aerobic
downflow versus anaerobic upflow. In terms of COD removal,
significant statistical differences (p < 0.05) were found
between the two systems. The most efficient was the DF
aerobic EC-biofilter which showed an average COD removal
efficiency of 96% (Table 4), an average removal rate of 115 g
COD m™ d7', and a removal rate as high as 197 g COD m™
d™. 1t is remarkable that our system was tested under a high
COD inlet load, more than double the standard load reported
in the literature for VF CW which is typically capable of
removing just 80-90%.°>*' The UF anaerobic EC-biofilter
removed 109 g COD m™ d™" of the inlet load (120 g COD m™
d™) and showed a COD removal efficiency of 90% (Table 4).
These results are consistent with the data reported by

1.0 .
(0] e
g 2 e

0.9 A ° °
=) .
._g [Ye) . °
S 08 * e
3 o
2 o .
2 o7 o
®©
>
g 0.6
g o
P4
's 0.5 - ° o
% ® EC-biofilter

O Inert biofilter
0.4 T T : : . T

0 10 20 30 40 50 60 70
NH,-N loading rate (g m® d™)

Fig. 4 Ammonium removal rates in both SWW biofilters at different
loading rates.
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Table 4 Pollutant removal rates (g m™ d? of the upflow (UF) and

downflow (DF) electroconductive UWW biofilters (average + SD).
Removal efficiencies (% +SD) are shown in brackets

COD BOD; TN NH,-N TP
Surface inlet load 93 +11 51+15 14.1+1.6 11.8+1.5 2.3+0.3
(gm*d™)
Volumetric inlet 120+14 65+12 18.2+1.2 152+ 1.9 2.9 +0.4
load (g m™>d™)
Removal rates
UF anaerobic 109+15 63+12 4.1+2.1 4.0+2.2 1.3+0.4
biofilter (90+2) (97+1) (23+8) (25+9) (45+9)
DF aerobic 115+14 6412 6.7%x2.5 15.0+14 23+0.6
biofilter (96+2) (98+2) (37+9) (98+1) (76+11)

Aguirre-Sierra et al>® for saturated anaerobic HSSF EC-
biofilters (117 g COD m™> d™' were removed (90%) from the
of the inlet load (131 g COD m™ d™')) at a similar HRT;
similar results were also reported by Ramirez-Vargas et al.>°
in saturated vertical upflow mesocosm-scale EC-biofilters
(90% of COD).

The BOD; removal efficiency did not show significant
statistical differences (p > 0.05) and it was very high in both
biofilters; e.g. 98% (DF) and 97% (UF) (Table 4). This result
implies that, at least under the loading rates tested, the UF
EC-biofilter showed no limitation in electron acceptors (TEA)
to degrade the pollutants because the impact of supplying
oxygen in the DF EC-biofilter was negligible regarding the
BOD; removal rate. This seems counterintuitive but can be
explained by the EC nature of the bed material capable of
transfering electrons by itself from the anoxic bottom layers
(reducing redox conditions) to the upper aerobic layers in the
presence of atmospheric oxygen (oxidising redox conditions).
This electrochemical configuration (the so-called snorkel)*®
revealed how the EC nature of the material allows
delocalization of two microbial phenomena that typically
occur in the same cells: reduction of the electron acceptor
(ca. oxygen) and generation of electrons from microbial
metabolism. In this new redox scenario, oxygen may be a
suitable electron acceptor to be reduced directly in contact
with the EC material at the upper layers of the biofilter,
instead of acting as a classical terminal electron acceptor in
the respiratory chains of biofilm bacteria.

On top of COD removal, the key parameter in wastewater
to fulfil the discharge legislation is the pollutant level in the
treated wastewater. In this case, the DF EC-biofilter's effluent
water had residual COD concentrations 2-fold lower than
those obtained with the UF EC-biofilter and the BOD; values
were also much lower than the limits of discharge (ESI}
Table S3). No significant statistical differences (p > 0.05)
appeared regarding TSS (ESI{ Table S3).

Nutrient removal from real urban wastewater (UWW):
aerobic downflow versus anaerobic upflow. In contrast to
BOD removal, there were statistical differences between both
biofilters (p < 0.05) regarding nutrient removal. The aerobic
DF EC-biofilter removed 98% of the ammonium, resulting in
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an average effluent concentration of 0.8 + 0.4 mg L™* (Fig. 5).
This removal rate was 30 to 40% higher than the ammonium
removal rates of conventional VF CW in the literature, which
range between 60 and 70%.°”°° Analysis of nitrifying rates
revealed that the aerobic DF EC-biofilter converted 72% of
the ammonium into nitrate to reach an average
concentration of 32.9 + 12.2 mg L™" (Fig. 5). In contrast, the
anaerobic UF EC-biofilter removed 25%, but only 9% was
converted into nitrate.

This low nitrification value is consistent with the anaerobic
environment of the UF biofilter where oxygen-based
nitrification is strongly limited. Regarding total nitrogen (TN)
removal, our aerobic DF EC-biofilter (37% removal) also
outperformed the anaerobic UF EC-biofilter (20%). This fact
suggests either assimilation of nitrogen into biomass or, most
probably, denitrifying activity at the inner layers of the biofilm
enhanced by the EC material despite the presence of oxygen.
Our DF EC-biofilter also performed more efficiently than
plant-free VF CW°" by reaching a similar percentage (37-40%)
of TN removal under a 3-fold higher TN loading rate (Table 4).

In terms of TP removal, the aerobic DF EC-biofilter
exhibited the best removal efficiency (Fig. 6), with an average
of 76% (Table 4) and occasional TP removal rates as high as
95%. TP removal in the DF EC-biofilter was twice the removal
of the UF EC-biofilter. These results reveal that the impact of
venting the EC material might have been shifting the redox
state of the coke surface to a more oxidative potential. The
specific aspects regarding surface oxidative potential and TP
removal are currently under investigation.

Analysis of microbial communities in EC-biofilters
operated under aerobic or anaerobic conditions (UWW).
In order to analyse the influence of the EC-biofilter
configuration on the microbial profile, the composition of the
biofilm was analysed using Illumina Miseq. The analysis of
the microbial communities (by duplicate) revealed 319049
raw reads that yielded a total of 38 813 high quality sequences
with an average length of 460 bp (Table S47). Of the sequence
reads, 0.86% was not classified. The rarefaction curves
showed saturation, indicating that an appropriate number of

60
= TN
50 4 == NH,-N
1 NO,-N
40 1
0
4 30
[))
£
20 4
10
0 . 1 K.
Influent EC-UF EC-DF

Fig. 5 Influent and effluent average concentrations of TN, NH4-N and
NOs-N for the upflow (EC-UF) and downflow (EC-DF) electroconductive
biofilters fed with real urban wastewater (UWW). Error bars represent
95% confidence interval.
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sequence reads per sample were collected to disclose diversity
at the sites (ESIT Fig. S2). Diversity indexes, such as observed
OTUs and Chaol, were significantly higher in the UF EC-
biofilter than in the DF one (ESI} Table S4). Good's coverage
estimator denoted that the sizes of the libraries were enough
to cover almost 100% of the bacterial communities. Shannon
diversity indexes (H), which include information on both
richness (the number of species present) and evenness (how
the abundance of each species is distributed), were distinctly
higher (6.26 and 7.54) than those reported in other studies
using electrochemical setups integrated in CW treating urban
wastewater and similar to the results of Aguirre-Sierra et al.>®
(H: 6.27-7.47) and Lu et al> (H: 7.33-7.47). These results
revealed a very high diversity in the EC-biofilters. Weighted
Fast UniFrac analysis and correspondence analysis (CA) were
used to identify the differences in the bacterial community
structures based on their phylogenetic lineages. Constrained
correspondence analysis showed that the adjusted explained
variation was 79.3%.

The classifiable sequences included members of 44 phyla
of which the most abundant group was Proteobacteria (ESIT
Fig. S3), ranging between 38% in the anaerobic UF EC-
biofilter and 73% in the aerobic DF EC-biofilter. The
Proteobacteria phylum includes a high level of bacterial
metabolic diversity related to carbon, nitrogen, and sulphur
cycling. They were also the most abundant group in previous
studies about microbial ecology from constructed
wetlands.>®™>® The CA plot showed clear differences between
communities of the aerobic DF and anaerobic UF EC-
biofilters (ESIf Fig. S4).

The analysis of the microbial communities revealed the
presence of different taxonomic groups depending on the
operation of the EC-biofilter. The results showed the
presence of a high amount of Deltaproteobacteria (Fig. 7): 27-
28% in the UF EC-biofilter and 20-24% in the DF EC-
biofilter. Bacteria belonging to this class have been reported
to associate with the electroactive biofilm from the very
beginning®® as they share the capacity for generating ATP
from very low value thermodynamic reactions.®”*® Within the

1.0
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TP removal rate/TP inlet load

1

2.0 2:5 3.0 3.5
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Fig. 6 Relationship between normalized TP removal and TP inlet load
for the upflow anaerobic (UF) and downflow aerobic (DF) UWW
electroconductive biofilters.
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Fig. 7 Relative abundance of OTUs at a class level (larger than 1%
on average) in the upflow (UF) and downflow (DF) electroconductive
biofilters fed with UWW.

class Deltaproteobacteria, bacteria from the genus Geobacter
are capable of transferring electrons directly from acetate
metabolism into EC materials,” but they are also capable of
acting as a redox plug transferring electrons from bacteria at
the outermost layers of the biofilm into the EC material.®
Interestingly, Geobacter species were present in the UF EC-
biofilter, ranging between 3.7 and 4.1% (ESIf Table S5).
These species had been already detected in anaerobic EC-
biofilters run under a horizontal subsurface flow.>> However,
our current study revealed the presence of Geobacter bacteria
in the DF EC-biofilter, representing 10% of the bacterial
community (ESIT Table S6) despite being operated under
aerobic conditions. This result is consistent with the fact that
some Geobacter species are capable of respiring oxygen when
this terminal electron acceptor (TEA) is supplied at low
concentrations.”® Contrary to the general idea that Geobacter
species are strictly anaerobic,®” years of work with this genus
in our laboratory have demonstrated that Geobacter is
capable of living in environments with oxygen concentrations
in the range of 0-1 mg L™ like the upper layer of constructed
wetlands.>® Another electroactive genus like Geothrix was also
detected in the DF EC-biofilter, although its abundance was
lower than Geobacter's (ESIf Table S7).

It is generally accepted that ammonium removal is
difficult to be achieved in anaerobic systems, such as our UF
EC-biofilter, since nitrifying reactions become limited by the
absence of available electron acceptors. In contrast, vertical
DF aerated biofilters should perform better in terms of
nitrification, while denitrification should be limited.
Nitrification is a two-step process, where ammonium in the
presence of oxygen is first converted to nitrite by strictly
chemolithotrophic  Nitrosomonas, Nitrosococcus, and
Nitrosospira bacteria, and then to nitrate by facultative
chemolithotrophic bacteria Nitrospira and Nitrobacter.*®> A
deep insight into the bacterial community showed that
Nitrospira and Nitrosomonadaceae families were not
abundant in spite of the high nitrifying activity detected in
the coke DF EC-biofilter. On the other hand, the analysis
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showed a high relative abundance of Thiobacillus in the DF
EC-biofilter, ranging between 11 and 30%. In a previous
study about nitrogen transforming bacteria in VSSF CW,
Pelissari et al.®® reported that ammonia-oxidizing bacteria
occurred only in the top layer (0-17 cm depth) of the wetland
(8%), nitrite oxidizing bacteria were found to occur in top
and intermediate layers (34-51 cm depth, 5%) and
denitrifying bacteria were found in all layers. In this
environment, Thiobacillus denitrificans was detected in the
mid layer (34-51 cm depth, 2%) and the bottom layer (>51
cm, 10%) of the VF CW. In our DF EC-biofilter system, the
granules were sampled at 40 cm depth, which can explain
the small proportion of classical ammonium oxidizing
species in comparison to Thiobacillus denitrificans. Novel
nitrogen removal routes reported in wetland systems,®
include partial nitrification-denitrification reactions. This
process includes conversion of ammonium to nitrite,
followed by denitrification of nitrite to nitrogen gas. The
advantage of partial nitrification and denitrification is a
lower requirement for both oxygen (ca. 25%) and organic
matter (40%), in contrast to traditional nitrification and
denitrification metabolisms.®® The enhancement of nitrogen
removal observed in the DF EC-biofilter suggests the
activation of partial nitrification-denitrification reactions
leading to N, formation. Although this may seem
counterintuitive due to inhibitory effect of oxygen on
denitrification, the biofilm layer in the intimate contact with
the EC material may preserve an anoxic environment. This
was confirmed by the detection of Geobacter and Thiobacillus
genus associated with the EC material in such aerobic DF
EC-biofilters (ESI{ Table S6). In fact, Geobacter bacteria has
been reported to transfer electrons directly to Thiobacillus
which in turn may reduce nitrate or nitrite to dinitrogen.®”
This interspecies electron transfer might be enhanced in the
presence of an EC material like coke in a similar manner
reported elsewhere.®®

Analysis of microbial communities from electroconductive
and inert biofilters fed with urban wastewater (UWW). An
additional UWW DF inert biofilter filled with gravel (& 5-10
mm) was constructed and operated under the same conditions
as the DF EC-biofilter, during the same time prior to microbial
sampling, with the aim of comparing the microbial
communities between an EC and an inert DF biofilter. When
inert and EC DF biofilters' microbial communities were
compared, large differences could be observed. While in the DF
EC-biofilter, the dominant classes were Beta and
Deltaproteobacteria, and the DF inert biofilter was dominated
by  Alphaproteobacteria  (Fig. 8). The presence of
chemolithoautotrophic aerobic nitrite-oxidizing bacteria from
the class Nitrospira in the gravel DF biofilter was also
remarkable. Further analysis of the taxonomy from the DF inert
biofilter showed the presence of a high amount of bacteria of
the family Nitrosomonadaceae (3.29-3.26%), ammonium
oxidizing bacteria, and of the Nitrospira-like genus (4.97-
7.54%), nitrite-oxidizing bacteria, both indicated by the
nitrifying activity, in contrast to the low abundance found in
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Fig. 8 Relative abundance of OTUs at a class level (larger than 1% on
average) comparing the communities of the aerobic DF EC-biofilter
and the aerobic DF inert biofilter fed with real urban wastewater (UWW).

the DF EC-biofilter samples (ESI Table S8). The presence of a
high amount of Phenylobacterium (4.98-4.86%), a genus that
comprises a single aerobic species called P. immobile, is
remarkable due to its extremely limited nutritional spectrum.
Strains of this bacterium have been isolated growing on
artificial compounds like chloridazon (active ingredient of the
herbicide Pyramin®), antipyrin and pyramidon (two
analgesics).®” There was also a high abundance of the family
Sphingomonadaceae, including some genus such as
Sphingopyxis (2.96-4.61%) and Sphingomonas (1.13-1.40%).
Sphingomonadaceae are a versatile group of aerobic or
facultative  anaerobic = chemoorganotrophs, capable of
metabolizing aromatic compounds, and present in various
environments such as soil and water.®® The order Rhizobiales
presents a very high proportion in the bacterial community of
the DF inert biofilter (23.10-20.64%). This order belongs to
Alphaproteobacteria and is represented mainly by three families,
Bradyrhizobiaceae, Phyllobacteriaceae and Rhizobiaceae; many of
the genera related to nitrogen fixing are associated with plant
roots. Betaproteobacteria and Deltaproteobacteria constitute a
small proportion in the DF inert biofilter but they constitute a
large proportion of the DF EC-biofilter, where Geobacter
represents 10% of the bacterial community. These results come
to support once again the idea that the EC material enhances
the development of EAB, even in aerobic configurations.

Conclusions

Aerobic EC biofilters enhance the removal of organic matter
compared to standard biofilters made of inert materials
like gravel. More interestingly, such conditions enhance
nitrification. Therefore, the downflow EC-biofilter has shown
to be a suitable system to remove both COD and ammonium.
Aerobic electroactive biofilters increase the amount of EAB
such as Geobacter, even in the presence of oxygen, but also
the presence of those bacteria reported to perform direct
interspecies electron transfer (DIET) with Geobacter. The final
scenario is a complex redox scenario capable of developing a
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unique electroactive community optimized to metabolize
those pollutants present in wastewater outperforming
classical biofilters used in constructed wetlands made of
gravel.
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