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Abstract

Constructed wetlands (CWs) performance enhancement can be done with intensification
strategies. A recent strategy still in study is the coupling with Microbial Electrochemical
Technologies (MET). An alternative system using electro-conductive biofilters instead of
electrodes and circuits used in MET, resulted in the development of a Microbial Electrochemical-
based CW (METIland). This system relies on electroactive bacteria (EAB) metabolism to transfer
electrons to an electro-conductive material, thus boosting substrate consumption, and
diminishing electron availability for biomass build-up and methane generation. In previous
studies this biofilters have shown an improvement in biodegradation rates in comparison with
subsurface flow CW. However, this set-up is still in development, hence there are uncertainties
regarding the dynamics involve in the removal of pollutants. Considering that, this work aimed

at establishing the capacity and removal kinetics of organic matter and nutrients in an
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Electroactive Biofilm-Based CW (EABB-CW). Two electro-conductive materials were tested (PK-
A and PK-LSN) in planted and non-planted mesocosms and compared with sand. The systems
were operated in a continuous upflow mode for 32 weeks and fed with real wastewater. The
electro-conductive systems reached removal efficiencies up to 88% for BODs, 90% for COD, 46%
for NHs-N, and 86% for PO4-P. Organic matter removal in electro-conductive systems was
possible even at loading rates 10-fold higher than recommended for horizontal flow CWs. First-
order area-based removal constants (k), calculated for organic matter and nutrients are higher
than values typically reported for saturated CW and in certain cases comparable with vertical
flow CW. The organic removal was correlated with electron current densities measures, as
indicator of the presence of EAB. The tested EABB-CW profiles as a promising CW type for the
removal of organic matter and POs,-P with margin for modifications to improve nitrogen
removal. Future studies with pilot/real scale systems are proposed to validate the findings of

this study.
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1. INTRODUCTION

Constructed Wetlands (CW) are biological engineering systems for wastewater treatment, that
involve the interaction of physical, chemical and biological processes, and different removal
mechanisms, which allow high removal efficiencies (Kadlec and Wallace, 2009). CWs are
characterized for being robust and cost-effective technology that require low operation and
maintenance efforts (Brix et al., 2007; Vymazal, 2009). CWs have been extensively investigated,
demonstrating their capacity to treat diverse pollutants such as domestic, industrial, drainage
mining, runoff and agriculture effluents (Reed et al., 1995; Paredes et al., 2007; Ghobrial, 2008;
Nivala et al., 2012; Vymazal, 2014). CWs can be classified according to the dominant
macrophytes (free-floating, floating leaved, rooted emergent and submerged), hydrology
(surface or subsurface flow) and flow direction (horizontal or vertical) (Vymazal, 2010). To
reduce the surface requirements, CW have evolved from passive to intensified systems,
including the recent research of innovative designs that incorporate the combination with
Microbial Electrochemical Technologies (MET) (Yadav et al., 2012; Doherty et al., 2015a). METs,
are set-ups designed to mimic bacterial exchange of metabolic electrons with insoluble electron
donors and acceptors (e.g. a solid-state electrode) through an electrical circuit (Rabaey et al.,
2007). In general, METs are composed of anodic and cathodic chambers, with an aqueous
solution as energy source for microorganisms, separated by a cation exchange membrane, and
electrodes for stimulating the occurrence of oxidation and reduction reactions (Logan & Rabaey,

2012).

METs rely on the action of electroactive bacteria - EAB (also known as exoelectrogens,
electrogens, electricegens, exoelectrogenic or anode respiring bacteria), which are
microorganisms able to conserve energy from electron transfer to electrodes (Borole et al.,

2011; Schroder et al., 2015). The electroactive microorganisms act as catalysts for the oxidation
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of organic matter, which after consuming energy for biomass growth, release and transfer
electrons, either to a conductive matrix or through an external circuit (Durruty et al., 2012).
Bacteria belonging to the phylum Acidobacteria (Geothrix), Firmicutes (Clostridium and
Thermincola) and Proteobacteria (Rhodoferax, Geobacter, Pseudomonas and Shewanella,
among other genus), have been reported to develop electroactive biofilms (Logan, 2009). The
most studied EAB belong to Geobacter and Shewanella genus, due to their respiratory versatility
capable of using different carbon sources and electron donors/acceptors (Arends & Verstraete,
2012; Sydow et al.,, 2014), and their ability to oxidize organic matter from wastewater,
converting its chemical energy into electric energy (Logan et al., 2006; Rozendal et al., 2008;
McCarty et al., 2011). EABs have been reported in marine/fresh water sediments (Lovley, 2008;
Risgaard-Petersen et al., 2014), manure (Min et al., 2005; Vilajeliu-Pons et al.,, 2015),
aerobic/anaerobic wastewater treatment sludge (Villano et al., 2012; Gao et al., 2014), and
wastewater (Escapa et al., 2014; Velvizhi & Venkata Mohan, 2015). Their presence on different
environments is associated to the inherent characteristics of the electroactive microorganism,
mostly anaerobic or facultative anaerobic, although there are also some species that can endure

aerobic conditions (Butti et al., 2016).

MET laboratory scale experiments, like Microbial Fuel Cells (MFC) have shown potential for
treating wastewater, with COD removal rates up to 90%, and coulombic efficiencies (fraction of
electrons recovered as current versus the maximum possible recovery) higher than 80%
(Rahimnejad et al., 2015). Despite that efficiency, several challenges exist for field applications,
such as expensive electrode materials and low energy yields, constraining its implementation as
a sustainable energy source (Zhang, Hu & Lee. 2016). However, from the perspective of
wastewater treatment, MET systems arise as a promising alternative, capable of oxidizing easily

degradable organic matter (Rabaey et al., 2007), at reported rates of around 7.1 kg COD m= d!
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(reactor volume). Additionally, METs offer the advantage of saving aeration and/or sludge
disposal costs in comparison with conventional treatment systems (Wang & Ren, 2013), like

septic systems, activated sludge systems, among others.

The presence of redox gradients along a CW depth profile, led to explore the possibility of
combining CWs with MET, as done in MFC for simultaneous energy production and wastewater
treatment (Yadav et al., 2012). Similarly to conventional MFC, a CW-MFC is a set-up fitted with
an anode, located in the anaerobic zone (bottom), and a cathode in the anoxic/aerobic zone
(top) of a permanent flooded bed (Doherty et al., 2015a). EAB consume organic compounds in
the anaerobic zone and release electrons that are transferred to the anode. From the anode,
the electrons flow along an external circuit to the cathode, where the released electrons can be
used in the reduction of O, or NOs. The charge balance is completed either by incorporating an
ion separator or by allowing the flow of ions in the bulk fluid (Ramirez-Vargas et al., 2018) (Figure
1). The combination of MET and CWs is a recent development, dating back to year 2012, with
the first experience reported with a CW-MFC laboratory scale reactor for the removal of
methylene blue dye, COD and simultaneous power generation from synthetic wastewater (8000
mg L!) at different dye concentrations (Yadav et al., 2012). The reactor operated rating in batch
mode, along 96 h achieving a maximal COD removal of 75% (at 1500 mg L? of initial dye
concentration), and maximal power and current density of 16 mW m™ and 70 mA m™
respectively (at 1000 mg L of initial dye concentration). Given the results reported by that first

study, since 2012 there has been growing an interest on testing the CW-MFC coupling.

Villaserior et al. (2013) tested a MFC based horizontal sub-surface flow constructed wetland
(HSSF-CW) for treating synthetic wastewater; reached COD removal rates above 90%, with

power values and current density of 43 mW m™ and 37 mA m™. Doherty et al. (2015b) tested
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the removal of organic matter, nutrients and simultaneous electricity production from swine
slurry with alum sludge-based constructed wetlands incorporating MFC; the test included a scale
set-up operating with simultaneous up-flow/down-flow achieving a removal of 64% of COD, 75%
of NHa, Total P (TP) up to 86%, and reaching a maximal power density of 0.27 W m?. Srivastava
et al., (2015) tested the performance of open and closed-circuit CW-MFC for treating synthetic
wastewater; in closed circuit mode reached removal efficiencies of COD from 27% to 49% higher
than conventional CWs, with maximal power and current densities of 321 mW m= and 422 mA
m3. Corbella et al. (2016) tested the removal the treatment of urban wastewater with MFCs
incorporated in a pilot scale CW; the removal efficiencies were 61% for COD and 60% for NHs-
N, and power and current densities reached were 15 mW m™ and 139 mA m™. Liu et al. (2017)
tested the methane mitigation and simultaneous electricity generation from synthetic
wastewater in a CW-MFC; this set-up operates with a HRT of 96 h was able to suppress
methanogenesis up to 98%, and reach a maximal power and current densities of 77 mW m2 and
187 mA m. Despite the number of researches focused on the CW and MFC coupling in the last
years (up to date are reported more than 60 research articles in Scopus® database), the majority
of systems have been designed at laboratory scale, and their implementation as a suitable real

scale wastewater treatment alternative is still in development.

Leaving aside the recovery of energy as an objective, and focusing only on the removal of
pollutants, an innovative development has been proposed by using electro-conductive biofilters
performing as a single-piece electrode, dispensing of solid-state electrodes and external circuits
like previously tested in CW-MFC. This new design, operating in short circuit mode resulted in
the development of a Microbial Electrochemical-based Constructed Wetland (METland) (Figure
1). In a METland system, the EAB are stimulated to generate and transfer electrons to an electro-

conductive material that act as an unlimited acceptor, maximizing substrate consumption,
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instead of leaving free electrons for methane generation and consequently, a decrease of
microbial metabolism rates (as in anaerobic system), due to the limited number of electron
acceptors (Esteve-Nufiez, 2015). In comparison with a CW-MFC, in a METland system the
released electrons travel along the electro-conductive media instead of an external circuit
(therefore operating in short circuit mode), and the ions travel with the bulk fluid to the
anaerobic/anoxic zones of the system, where bacteria consortia, composed by heterotrophic

and EAB communities, use them to reduce O, or NOs (Figure 1).

The METland concept has been tested for the removal of organic matter and nitrogen with HSSF
coke biofilters at laboratory scale (Aguirre-Sierra et al., 2016). The coke-based biofilter showed
removal rates of 91% for COD and for 96% for BODs at 0.5 d HRT, and 97% for NH4 and 69% for
TN at 3.5 d HRT, results that suggest that this system can enhance biodegradation rates, thus
allowing the reduction of the area requirements of classical CWs. As in CW-MFC technology, this
type electroactive biofilter is still in development, therefore several uncertainties exist regarding
the dynamics involve in the removal of pollutants, and its treatment performance along time.
For that, this research aimed to establish the capacity to treat organic matter and nutrients in
mesocosm-scale Electroactive Biofilm-Based Constructed Wetlands (EABB-CW). Apart of
determining the removal efficiencies of studied pollutants, this study presents removal rate
kinetics of organic matter and nutrients, which eventually could be used as reference for future
studies of this type of configuration, as well as can contribute to the efforts of scaling up the

technology.
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2. MATERIALS AND METHODS

2.1 Experimental set-up

The experimental setup consisted of 16 columns (h: 50 cm; @: 16 cm; packed vol.: 8.44 L)
installed at Aarhus University’s greenhouses (Denmark), with temperatures ranging between 8
and 27 °C. Twelve of the columns were filled with two types of electro-conductive materials, 6
columns for calcined petroleum coke from crushed electrodes (PK-A; Carbomax AB, Sweden), 6
columns of calcined petroleum coke with low sulphur and nitrogen content (PK-LSN; Carbomax
AB, Sweden), and 4 columns filled with sand as a control (Figure 2). The physical/chemical
characteristics of the materials are summarized in Table 1. Half of the columns were planted
with Juncus effusus to determine the potential effects of the plants. The setup was up-flow fed
with primary settled pig manure supplemented with starch and molasses as influent water to
be treated. The feeding of the systems was done in continuous flow mode using a multi-channels
peristaltic pump (LongerPump® BT100-1L). The test ran for 32 weeks, with changes of organic

loading rates (OLR; Table 2) with 4 weeks of acclimation in between sampling campaigns.

2.2 Sample collection, field and laboratory analysis

After three weeks of acclimation initial period and to test the removal of organic matter and
nutrients, three consecutive day sampling campaign was done, comprising the collection of grab
samples from 5 different points along the height of each column (inlet and outlet). On-site
measurements included pH (Hach PHC101), electrical conductivity — EC (Hach sensION+ 5060),
temperature, oxygen demand — OD (Hach LDO101) and REDOX potential — Eh from water

samples (Hach MTC101).

COD analysis were carried out by photometric evaluation (Hach LCI 400 cuvette test + DR 3900

spectrophotometer), BODs analysis were evaluated using respirometric method (WTW
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OxiTOP®), TSS standard methods 2540 D (APHA 2012). TN by combustion catalytic
oxidation/NDRI method (Shimadzu TNM-1) and PO, and NOy by ion chromatography (Lachat
QuickChem® 8000). Additionally, to consider the impact of evapotranspiration (ET) on the
removal efficiency (E) of the system, water and mass balances were measured between inlet
and outlet according to Eq. (1) and (2).

Vin—

Tnout ¢ 100% (1)

ET =

CinXVin—CoutXVout
CinXVin

E =

X 100% (2)

Where Vi, and V.. correspond to inlet and outlet volume (in L), Ci» and C,u: are the inlet and
outlet concentration of the assessed pollutants (in mg L). The evapotranspiration and removal

efficiencies were calculated and expressed in terms of percentage.

To obtain the removal rate coefficient associated to the performance and operative condition

of the tested systems, the data were fitted to a first-order model (area-based) according to Eq.

(3).

InSe%t = _k/HLR (3)
Cin

Where k is the reaction rate coefficient and HLR is the Hydraulic Loading Rate (both expressed

as my™). Given the upflow operation of the system, it is expected that the systems operate close

to a plug flow ideal reactor, therefore the first-order model was selected as the best option

besides has been widely used in CW as reported by Kadlec and Wallace (2009).
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2.3  Electric potential measurements

In environments with the presence of EAB, anodic and cathodic reactions promote minor local
charge imbalance creating electric fields (Risgaard-Petersen et al., 2014). In such conditions,
ionic fluxes are generated, can be detected in an electrolytic conductor, and used to calculate
the equivalent electron fluxes (Nielsen & Risgaard-Petersen, 2015). The ionic fluxes derived as a
result of the degradation of pollutants in an EABB-CW could be quantified by measuring electric
potentials (EP). The EP can be measured with sensors tailored for that purpose (Damgaard et
al., 2014), and can be used as indicator of the metabolic activity of EAB. Therefore, in parallel to
the estimation of the removal efficiency of organic matter, there were carried out EP test to
estimate the electron fluxes inside the tested systems, to relate them with the metabolic activity

of EAB and the removal of organic matter.

To measure the EP, custom-made EP sensors were used (h: 60 cm; @: 0.12 cm). The EP sensors
are coupled to a reference electrode placed at the surface of the column, both electrodes are
connected to a digital voltmeter, which through an A/D converter that transmits the signal to a
PC where data is recorded (Figure 2). The ionic current density is calculated with an adapted
version of Ohm’s Law (Eg. 3; Nielsen & Risgaard-Petersen 2015), where J is the ionic/electron
current density (mA cm), ois the electrical conductivity of water in the columns (uS cm™) and

d ¥/dz the EP gradient (mV cm™).

J= —ocx* d¥/dz (4)

2.2  Statistical analysis

The statistical analysis was carried out using the software XLSTAT 19.02. The data were

submitted to a two-way analysis of variance (two-way ANOVA) to test their statistical

significance, using as explanatory variables the type of system (material + planted/non-planted)

10
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and HLR. The comparison among means was tested with Tukey's HSD test with a significance

level of P < 0.05.

3. RESULTS AND DISCUSSION

3.1 Removal efficiency of tested systems

BODs removal efficiencies of the electro-conductive materials (PK-A and PK-LSN) as well as for
the control systems (Sand P and NP), reached average values above 85% (Figure 3). With an OLR
inlet ranging from 10 to 59 g m? d?, all the tested systems (electro-conductive and control)
showed BODs removal efficiencies between 85% and 87%. No significant differences were
identified between electro-conductive and control systems, neither between planted and non-
planted systems (Table 3 and Table 4). The good performance of the control systems could be
associated to the finer texture of the material used inside them. The porosity and specific surface
area of the sand, provide conditions for biofilm development and greater filtering effect than
the coarser electro-conductive materials. In contrast, the BOD removal efficiencies of the
electro-conductive systems are associated to the presence of EAB. The BOD removal efficiencies
are similar to the ones reported on previous studies dealing with electro-conductive systems,
such as the performance reported by Aguirre-Sierra et al. (2016), where a METland system
reached removal rates of 93%. Above 59 g m2 d?, the performance of all tested systems declined
to 60% to 70% BODs removal, suggesting the presence of a breaking point in the performance
of the electro-conductive systems around 60 g m? d. That inlet OLR is 10-fold higher than
maximal recommended load in the literature for saturated systems such as horizontal-flow
constructed wetlands, and is comparable with the maximal suggested OLR for vertical-flow

constructed wetland (Dotro et al., 2017; Kadlec and Wallace, 2009).
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Regarding COD removal, despite the bigger granulometry, the electro-conductive systems show
a better performance than the control systems (Figure 3), the PK-A systems showed the highest
removal performance with 90%, followed by PK-LSN systems with 85%, while the control
systems reached 81%. The removal efficiencies of PK-A and PK-LSN systems are comparable to
values reported by Fang et al. (2017), that with a CW-MFC was able to remove COD loads up to
90%. Similarly to BODs, the electro-conductive materials showed a stable performance when
systems were fed with COD inlet loads ranging from 8.9 to 142 g m™? dX. Whereas, at higher
loads, PK-A and PK-LSN systems experienced a decrease in removal performance, falling down
to 65% of COD removal. Even though there are significant differences in the performance
between the tested materials (COD % removal: PK-A > PK-LSN > Sand), there are no differences
between planted and non-planted systems (Table 3 and Table 4). This differs from the findings
of Saz et al. (2018), where in a CW-MFC, planted systems had a better performance than non-
planted systems, reaching COD removal rates between 85% to 88%. It is important to highlight
that the results of organic matter removal must be taken as reference of the operation of the
tested electro-conductive systems, and given that were done at mesocosm-scale, further

validation at real scale is necessary.

As it may be observed, there are differences between the removal performance of BOD and
COD. Meanwhile there are not significant differences for removal of BOD among systems, in
terms of COD the electro-conductive systems show a better performance. It is important to
remind that the BOD analysis resembles the amount of dissolved oxygen used by microorganism
for oxidation of organic matter, whereas the COD measures the oxygen equivalent consumed to
completely oxidize the organic matter in the water with dichromate in an acid solution. COD

results can include compounds hard to oxidize biologically, inorganic compounds that can react

12
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with the dichromate, or organic substances that may be toxic for microorganisms (Metcalf &

Eddy Inc., 2004), therefore not been able to be registered by BOD analysis.

The systems were operated under saturated regime, therefore the removal of organic matter is
dependent of anoxic/anaerobic processes such as denitrification, sulphate reduction or
methanogenesis, common pathways for organic matter removal in CW (Kadlec and Wallace,
2009). Under anaerobic conditions and the presence of unlimited electron acceptors like
electro-conductive materials, EAB belong to Geobacter or Shewanella genus would prefer to use
them, instead of using acceptor like Fe (Ill), Mn (IV), NOs, NO», S, thiosulfate, fumarate, or humic
substances, accelerating the consumption of organic matter (Lovley et al., 2011; Biicking et al.,
2013; Kracke et al., 2015). The sulfate reduction and methanogenesis processes could account
for a substantial fraction of COD removal in saturated CW (Dotro et al.,, 2017), therefore
explaining why the removal efficiencies of electro-conductive systems are higher than control

systems for COD but no for BOD.

Concerning TSS removal, the best results were obtained by the electro-conductive material PK-
LSN, with removal rates of 85% (non-planted) and 90% (planted). These values are higher than
the removal rates of Sand and PK-A system, which had a similar performance, reaching removal
rates between 79% and 82% (Figure 3). The higher performance of PK-LSN systems could be
associated to the highest porosity of the material (55%; Table 1) therefore with a higher filtration
capacity. Eventually, it is expected that in the long term, the electro-conductive systems
continue operating with similar and slightly lower performance, whereas the Sand systems is
expected to have a faster clogging of the media, due to the cumulative biological, physical and
chemical treatment process occurring inside them (Nivala et al., 2012; Liu et al., 2018; Yang et

al., 2018).
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Despite of operating under saturated conditions, with limited O, availability the overall NH;-N
removal efficiency of all the tested systems was above 39% (Figure 4). The removal efficiencies
were stable when the systems were fed with loading rates between 0.5 to 12.6 g m?2 d?, though
at higher loads the removal efficiency dropped to almost 0%. The highest removal rates were
obtained with planted systems (* 45%), without significant differences between electro-
conductive and the columns filled with the control materials (Table 3 and Table 4). On the other
hand, the removal efficiency of non-planted systems ranged between 33% and 39%, also
without differences between tested systems. This difference between planted and non-planted
systems, suggest that vegetation has an impact in terms of the removal of NH4s-N in EAAB-CW,
as it is reported regarding nutrient removal in conventional constructed wetlands (Brix, 1997;
Vymazal, 2010). NH4-N removal efficiency is comparable with HF CWs (between 20% and 30%),
but lower than VF CWs (> 90%) (Dotro et al., 2017), as well as lower than other electrochemical
based systems, like in an Upflow CW-MFC with optional aeration at cathode, reaching NHs-N
removal rates of 96% (Oon et al.,, 2016), or as in an air cathode CW-MFC amended with
dewatered alum sludge reaching removal rates between 58% and 81% (L. Xu et al., 2018).
Therefore, the relatively low NHs-N removal rates of the tested systems is inherent to the
saturated conditions in the mesocosms, were the low O, available (already consumed in the
removal of organic matter) leads to low nitrification rates. Most of the TN removal is associated

to the removal of NH4-N.

Concerning PO4-P removal, the best performance is for PK-A/P and PK-A/NP systems with
removal rates ranging from 81% to 87% (Figure 4), with steady behavior regardless of the
different loading rates applied to the system. The removal rates of PK-A systems are significant
higher compared to the removal measured at the control systems (Sand/P and NP) and PK-LSN

systems (P and NP) (Table 3 and Table 4). It is well know that the removal of phosphorous in

14
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constructed wetlands involves physical processes such as precipitation and adsorption,
therefore the performance of PK-A systems could be associated to their surface chemistry, by
the content of iron and aluminum traces (verified with Energy Dispersive X-ray spectroscopy —
EDS and Scanning Electron Microscopy —SEM), which could aid in the adsorption of phosphorous
on its surface (Kadlec and Wallace, 2009). PO4-P removal in PK-A systems could be comparable
with removal efficiency of 94% reported of a CW-MFC amended with dewatered alum sludge
(Xu et al., 2017), or with the removal efficiency of 74% reached in an electrolysis-based
horizontal flow CW reported by Gao et al. (2018). The control systems (Sand/P and Sand/NP)
show removal efficiencies between 69% and 72%, the removal could be associated to physical
processes namely filtration and precipitation in the columns (Dotro et al., 2017). The lowest
performance is for PK-LSN systems ranging between 40% and 50%, associated to precipitation
processes rather than filtration or adsorption. It is also observed that for all tested materials,
there is better performance in planted than in non-planted systems, suggesting that plants

might play a role in P removal through uptake mechanism (Vymazal and Krépfelova, 2008).

3.2 Electron current densities from EAB metabolism and organic matter removal

There is plenty of evidence of the formation of EAB biofilms and derived power or current
densities in MET-based set-ups. Examples of this are the findings of Beecroft et al. (2012),
Velvizhi et al. (2014) and Yamashita et al. (2015) that have reported the colonization of
electrodes by EAB in laboratory scale MFC. Similar findings have been done in MET-based CW
like those studied by Aguirre-Sierra et al. (2016), Li et al. (2016), J. Wang et al. (2017) and F. Xu
et al. (2018), which have reported the development of biofilms mainly composed by microbial
communities of Proteobacteria, Acidobacteria and Firmicutes genus, previously identified as
microorganisms able to build-up electro-conductive biofilms in solid-state electron acceptors

(Logan, 2009; Butti et al., 2016).
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However, in a MET system operating as single piece electrode, i.e. without anode and cathode
and external circuits, one of the main challenges to determine the presence and impact of EAB
on the treatment performance, is the lack of circuits to do direct measures (e.g. with the aid of
a voltmeter) of the electric current generated in the systems. Therefore, an alternative to this is
was to measure electric potentials (EP) and to estimate derived ionic/electron current densities.

(Figure 5).

The electric profiles measured in tested systems, provides information that indicate the
development of suitable conditions for the establishment of EAB in tested electro-conductive
systems, in comparison with the Sand systems. In the case of Sand systems, the average EP along
the entire depth show almost constant values around 0 mV, which leads to obtain J densities
close to 0 mA cm™ (Figure 5a). This finding can be interpreted as a lack of metabolic activity
associated to the presence of EAB in these systems, precisely due to the poor

electroconductivity of the Sand.

On the other hand, in the systems with electro-conductive materials positive EP values were
recorded, with almost constant values from the bottom of the systems (0 cm) to the middle
section of them (+ 20 cm), with a steady decrease from the middle section to the top of the
systems (Figure 5a). This pattern leads to obtain average J densities of 0.091 mA cm™ for PK-LSN
systems, and 0.126 mA cm for PK-A systems. In both cases, those values indicate the presence
of EAB. Even though the tested electro-conductive systems were not designed to generate
energy, the reported J densities are comparable with current densities in CW-MFC for
wastewater treatment and simultaneous power generation as compiled in Ramirez-Vargas et al.

(2018).
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In previous studies dealing with the use of CW-MFC for wastewater treatment the relationship
between the removal of organic matter (specifically COD), and the generation of power and
current densities derived of the metabolic activity of EAB has been reported (Doherty et al.,
2015a; Ramirez-Vargas et al.,, 2018). Based on this, a correlation of J densities and the
performance of electro-conductive systems in terms and COD treatment, considering the
organic load rate at the outlet (Figure 5) was carried out. The relation between J density and
COD at effluent (g m? d?) adjust to a decreasing exponential function for both electro-
conductive systems, with correlation values of 0.61 for PK-LSN systems and 0.92 for PK-A
systems. This approach could be used to monitor the performance of electro-conductive
systems that uses electro-conductive materials as single piece electrode like those tested in this

study.

3.3 Removal kinetics

First-order area-based removal rate model (Eqg. 3) has been applied to calculate the removal rate
constants (k) of organic matter and nutrients in an EABB-CW. Table 5 presents a summary of the
calculated rate constants and determination coefficients, and the relation between HLR (m y?)

and k (m y?) areillustrated in Figure 6.

In terms of organic matter, the BODs k values for PK-A systems vary between 136 m y* (planted)
and 143 m y! (non-planted), and for PK-LSN between 146 m y?! (non-planted) and 167 m y!
(planted). Compared with the k reported by Kadlec and Wallace (2009) for a HSSF CW with a
primary-quality inflow (k = 25 m y}; 50™ percentile), the removal constants observed for PK-A
systems are between 5.4 and 5.7 times higher, and for PK-LSN system between 5.8 to 6.6 times
higher. If compared with a secondary-quality inflow (k = 37 m y*; 50" percentile), the PK-A
systems show removal constants between 3.6 to 4 times higher, while PK-LSN systems between

3.9 to 4.5 times higher. The estimated removal constants could be comparable with the overall
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k value reported for VF wetlands (k =146 m y!; 50" percentile). Regarding COD, the estimated
removal rate constants for PK-A systems vary between 128 m y* (planted) and 139 m y* (non-
planted), and for PK-LSN between 104 m y* (non-planted) and 112 m y* (planted). Similarly to
BODs, the k values for COD are higher in comparison with previously reported values, by
Konnerup et al. (2009) that reported K values of 99 m y* and 103 m y%, for SSF CW under tropical
conditions planted with Heliconia and Canna respectively, or with the values reported by Trang

et al. (2010) with a maximal k value of 30 m y* for a SSF CW at a HLR equivalent to 53 m y™.

For nitrogen removal, first-order removal rate coefficients were estimated for NH,-N and TN
(Table 5 and Figure 6). Regarding NH4-N, the registered removal coefficients in PK-A systems
ranged from 30 m y? to 42 m y?! (for non-planted and planted respectively), and for PK-LSN
systems between 30 m y* and 42 m y? (non-planted and planted respectively). The registered
areal rate coefficients are higher than the coefficient reported by Kadlec and Wallace (2009), a
value of 11.4 m y! (for a mean inlet NH4-N = 40 mg L). For both materials, the planted systems
presented higher removal coefficients, fact that is consequent with the registered removal
efficiencies of planted systems, suggesting that in electroactive systems, the plants also can play
a role in ammonia reduction. Likewise, the first-order area-based constants for TN are higher in
planted systems than in non-planted systems, supporting that planted electroactive systems can
have a positive effect in terms of removal of nitrogen. In the case of PK-A material, the highest
estimated k values are 24 m y* for planted system and 14 m y for non-planted system. For PK-
LSN material, the k values estimated are 29 m y!and 23 m y! for planted and non-planted
systems. The removal rate coefficients of TN for PK-A and PK-LSN systems are higher than the
values reported by Kadlec and Wallace (2009) (k = 8.4 m y%; mean TN inlet = 83.8 mg L?; 50t
percentile) or by Konnerup et al. (2009) (k=5.77 my!; mean TN inlet = 22,9 mg L), but similar

to the maximal value reported by Trang et al. (2010) (k=24 my*; HLR=6.2 cm d?).
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In terms of phosphorous, the calculated removal rate coefficients for PO4-P show higher values
in tested systems containing PK-A material, than in systems with PK-LSN material. In the case of
PK-A systems, the k values varied between 131 m y* (non-planted) and 146 m y! (planted);
whereas for PK-LSN systems, the obtained k values ranged between 48 m y* (non-planted) and
64 m y?! (planted). For both materials, the planted systems showed higher removal rate
constants in comparison with non-planted systems, suggesting that the removal efficiency is
associated to plant uptake mechanism. The estimated POs-P reaction coefficients of PK-A and
PK-LSN are higher than those reported for TP by Konnerup et al. (2009) (k = 5.43 m y'}; mean TP

=8.55mg LY; mean PO4-P =6 mg L) and Trang et al. (2010) (k=84 my}; HLR = 6.2 cm d}).

4. CONCLUSIONS

The EABB-CW tested in this study was successful and showed to be a promising for treating
wastewaters combining constructed wetlands and microbial electrochemical technologies, but
instead of operating with electrodes and external circuits like in a classical MFC, it uses the

support media (electro-conductive materials) as a single-piece electrode.

With the EABB-CW systems tested in this study, reached overall removal efficiencies of 88% for
BODs, 90% for COD, 46% for NH4-N, and 86% for PO4-P. In terms of BODs there are not
differences between tested systems, whereas for COD, the PK-A systems showed the best
performance, followed by PK-LSN systems; no significant differences were detected between
planted and non-planted systems. In regards of organic matter removal as BODs and COD, the
registered efficiencies were achieved even at loading rates 5 and 10-fold higher than

recommended values for VF and HFCWs respectively.
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Regarding NHs-N, the removal efficiencies are comparable with HFCWs but lower in comparison
with VFCWs, given the low O, available when EABB-CW is operated under saturated conditions.
The significant differences between planted and non-planted systems, suggests that plants also

play a role in NHs-N removal in EABB-CW like in conventional CWs.

The PO4-P removal is significant higher in EABB-CW using PK-A material in comparison with PK-
LSN and control systems. The higher removal efficiency could be more associated to the
chemical characteristics of the material, presumably by the presence of iron traces at its surface,
promoting the removal by adsorption. Also, the plants seem to play a role in the PO,-P, given

that planted systems showed a higher performance than non-planted systems.

The removal performance of tested EABB-CWs can be corroborated by the calculated values of
the first-order area-based removal rate constants. The k values for organic matter and nutrients
are higher in tested EABB-CWs, than the values commonly reported in literature for HF and VF
CWs, fact that open the possibility of exploring the potential of using EABB-CW at higher inlet

loading rates, leading to the reduction of necessary surface are for its implementation.

The measured ionic current densities (J) are higher in electro-conductive systems than in control
systems (no current registered). These differences could be associated with the development of
electroactive biofilms, which might be related with the relatively higher removal rates of organic
matter in PK-A and PK-LSN systems in comparison with control systems. Therefore, J values

could be used as indicator of the performance of EABB-CWs.

Ongoing and future will invest efforts in e monitoring a real scale system based on EABB-CW

concept already in operation, as well as in exploring the development of operational
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modifications to improve nitrification and denitrification that will redound in better total

nitrogen removal.
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STOTEN-D18-05566 - Captions for figures

Figure 1. Typical constructed wetland—microbial fuel cell (CW-MFC) configuration (left);
Conceptual illustration of METland setup (right) (Ramirez-Vargas et al., 2018).

Figure 1. EABB-CW column set-up. (a) Set-up for wastewater treatment analysis. (b) Set-up
complemented with sensors and meters for electric potential measures; (c) Electro-conductive
materials (PK-A and PK-LSN), Sand (control) and plants used in this study.

Figure 3. Global mass removal efficiency (%) of organic matter (BODs, and COD) and TSS. PK-A:
electro-conductive material PK-A; PK-LSN: electro-conductive material PK-LSN; Sand: control
material; P: planted; NP: non-planted.

Figure 4. Global mass removal efficiency (%) of NHs-N, TN and POs-P by tested system. PK-A:
electro-conductive material PK-A; PK-LSN: electro-conductive material PK-LSN; Sand: control
material; P: planted; NP: non-planted.

Figure 5 Indicator of presence of EAB in tested systems. (a) Average EP profiles of PK-A, PK-LSN
and Sand systems and derived ionic current density - J (mA cm™); non-linear correlation between
ionic current density - J (mA cm™) and outlet COD load for PK-A systems (b) and PK-LSN systems
(c). Each dot represents an EP test.

Figure 6. Fitted curves of first-order area-based removal rate constant (k) vs. inlet HLR of BODs,
COD, NH4-N and PO4-P. Each point represents the mean value of 18 observations per HLR and
tested system.
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Table 1. Physical-chemical characteristic of filter materials used in this study.

Parameter Units PK-A* PK-LSN* Sand**
Carbon-fix" % 95.80 99.43 -

Sulfur® % 1.80 0.54 -
Nitrogen® % 1.00 0.375 -

Ash® % 2.00 0.07 -
Volatiles® % 0.50 0.50 -

H,Of % 0.20 0.50 -
Resistivity Q-m 0.0227 0.0262 -
Porosity % 39+1.63 55+2.55 38+2.00
Density gmll 1.95+0.09 1.61+0.06 2.62+0.01
Dio mm 9.47 3.23 0.46

Deso mm 22.93 20.15 1.18
Iron®? - Detected Detected -
Aluminium** - Detected Detected -

*electro-conductive materials; **control material; "technical information provided by Carbomax AB, Sweden; **Detection of
traces with Energy Dispersive X-ray spectroscopy (EDS) and Scanning Electrode Microscopy (SEM).



Table 2. Wastewater characteristics of the operative campaigns of this study.

Parameter Units Camp. 1 Camp. 2 Camp. 3 Camp. 4 Camp. 5 Camp. 6 Camp. 7 Camp. 8
pH - 7.0+0.1 6.9+0.1 6.7+0.1 6.0+0.1 7.7+0.1 7.4+0.2 6.8+0.2 7.3+0.2
Cond. mScm? 0.710.1 0.9+0.1 0.3+0.1 1.3+0.7 0.6+0.1 04+0.1 0.9+0.1 0.6+0.1
T °C 219+2.0 223+26 145+03 9.1%1.0 213+25 224+03 23.0+08 19.6+34
DO mg L 0.5+0.3 1.4+0.9 2.7+1.9 0.9+0.1 0.2+0.1 0.5+0.2 0.5+0.3 43+29
*Eh mV -66 + 40 -18 + 66 58 +16 42+2 139+73 -10+18 -7+6 197 £151
CcoD mg L 667 + 23 607 + 25 398 +37 886 +49 745 + 97 732+18 381+11 410+ 79
BODs mg Lt 500 360 390 750 160 220 220 120
NHa-N mg L?! 5816 49+1 13+2 13+1 71+7 24+1 25+1 19+1
NOs-N mg L?! 0.04 +0.04 0.02+0.01 0.05+0.04 0.03+0.03 0.23+0.19 0.05+0.02 1.71+0.54 2.35%0.31
™ mgl!  72%9 49+6 21+10 34+9 88 +11 37+3 329 231
PO4-P mg L?! 12+3 8+1 4+1 3+1 7.2+16 1304 1.3+0.2 0.7+0.2
HLR Lm2d? 25 50 152 189 189 50 152 25

* ORP value vs Standard Hydrogen Electron (corrected with 207 mV at 252C); Camp. = sampling campaign



Table 3. Two-way ANOVA of removal rates of organic matter, nutrients and total suspended
solids, based on the interaction of tested systems and HLR.

BODs CcoD NHs-N TN POs-P TSS
R? 0.85 0.80 0.92 0.88 0.90 0.76
F 41.47 7.13 18.45 12.15 15.94 8.37
Pr>F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
System 2.68 24.16 16.21 14.11 163.91 13.28
0.0215 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Load in 256.51 33.49 99.47 59.18 31.35 37.26
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
System*Load in 3.43 0.77 2.35 2.08 6.54 1.79
<0.0001 0.94 <0.0001 <0.0001 <0.0001 0.00




Table 4. Tukey HSD least square means of mass removal rates (%) of organic matter, nutrients
and total suspended solids. Results classified alphabetically by tested systems. Superscript

letters indicate significant differences among systems.

System BODs(%) COD(%) NH4-N(%) TN(%) PO4-P(%) TSS(%)
Sand/NP 85.12 81.6¢ 40.0 be 50.6 2 69.7 79.5¢
Sand/P 87.42 81l.1¢ 45,2 b 51.02 72.0b 80.3¢
PK-A/NP 87.82 90.62 35.0 < 42.7° 81.32 82.0 be
PK-A/P 85.52 89.92 45.9ab 51.72 86.92 80.1¢
PK-LSN/NP 87.62 85.9b 33.44 42.9°b 40.74 85.7
PK-LSN/P 86.92 86.5b 46.4 2 51.22 49.0¢ 89.62
Pr>F >0.05 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Significant No Yes Yes Yes Yes Yes




Table 5. Average first-order area-based removal rate constant (k), and correlation coefficient
(R?) for organic matter, nutrients and TSS at HLR =55 m y.

Material Constant BODs COD NHs-N TN PO;-P TSS
PK-A/P Kk (my1) 136 128 42 24 146 133
R? 0.67 0.72 0.91 0.90 0.98 0.99
PK-A/NP Kk (my1) 143 139 30 14 131 128
R? 0.65 0.52 0.52 0.48 0.98 0.97
PK-LSN/P Kk (my1) 167 112 52 29 64 173
R? 0.68 0.85 0.91 0.96 0.55 0.97
PK-LSN/NP K (my1) 146 104 30 23 48 145

R? 0.71 0.86 0.53 0.97 0.37 0.97




