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Abstract: Energy production in constructed wetlands is a little-known field, as is the operation of
vertical partially saturated constructed wetlands (VPS-CWs) that promote both aerobic and anaerobic
microbial interactions. By doing so, bacterial degradation is increased, becoming the main mechanism
of pollutant removal in constructed wetlands (CWs). For the first time, the generation of bioelectricity,
together with the production of ornamental plants in vertical partially saturated constructed wetlands
during the treatment of domestic wastewater, was evaluated. Six VPS-CW systems functioned as
bioelectricity generators, where the systems were filled with red volcanic gravel and activated carbon
as anode and cathode. Three systems were planted with Zantedeschia aethiopica and three with Canna
hybrids plants. The development was measured through mother plants and shoots produced every
60 days. The input and output of each VPS-CW was monitored using control parameters such
as BOD5 , phosphates (P-PO4 ), and total Kjeldahl nitrogen (TKN). Bioelectricity, power, voltage,
and current measurements were performed every 15 days for a period of 7 months. It was found
that the VPS-CWs used as biobatteries in combination with the use of domestic wastewater as a
substrate improved the development of the two evaluated plant species and stimulated growth and
germination of new shoots. No significant differences were found between the different treatments
(p ≤ 0.05). Likewise, an average efficient removal of BOD5 (98%) for both systems without statistical
differences was observed (p ≤ 0.05), but for TKN and P-PO4 , significant differences (p ≤ 0.05) were
found between systems planted with Z. aethiopica (TKN: 65%; P-PO4 : 20%) and Canna hybrids (TKN:
69%; P-PO4 : 27%). This method of water treatment and bioelectricity production with Canna hybrids
was an efficient system that generated a great electric current (140 mA/m2 ), voltage (750 mV), and
electric power (15 mW/m2 ), compared with those observed in systems with Z. aethiopica (60 mA/m2 ,
500 mV, 9 mA/m2 ).
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1. Introduction
Vertical partially saturated constructed wetlands (VPS-CWs) are an emerging technology for domestic and industrial wastewater treatment, the operation of which is not
clearly known [1]. All these VPS-CWs involve four main components: water, substrate,
plant, and microbial interaction by the action of aerobic and anaerobic microorganisms that
degrade pollutants through biochemical processes [2,3] and are fundamental to the bioremediation that takes place in these bioprocesses. Aerobic and anaerobic conditions that can
allow contaminants to be removed are incorporated into VPS-CWs in a single treatment
system, thus reducing the number of solids in the water and, in turn, making the process
efficient [4,5]. In the last decade, constructed wetlands (CWs) have become popular for
their low cost of implementation, operation, and easy maintenance by moderately qualified
personnel [6,7]. Likewise, the performance of partially saturated VF-CWs has been studied
and validated during the removal of organic matter in terms of COD (chemical oxygen
demand), reduction of ammonium (NH4 -N), total phosphorus, and dissolved oxygen (DO)
performance [8]. Being an integral system, it has the advantage of low water requirements
and reduced odors [9,10]. Saeed et al. [11], studied the removal of organic matter and
nutrients in two sequential wetlands, specifically vertical flow (VF) and horizontal flow
(HF) wetlands. In that study, they found that partially saturated and shallow hybrid water
depth wetland systems achieved 90% elimination of organic matter, including more than
97% of nitrogen and 100% of phosphorus. It should be noted that despite being efficient in
disposal, a system that can simultaneously generate electricity and produce ornamental
plants was not incorporated. Recent studies have aimed at evaluating the performance of
CWs such as microbial fuel cell (MFCs) in producing bioelectricity through biochemical
reactions that occur in these systems [12–15]. The operation of these systems evokes a cell,
where the zone with absence of oxygen (anaerobia) acts as an anode (zones far from roots
of CW plants) and zones with presence of oxygen (aerobic) as a cathode (regions close
to the root zone of CW plants). During the decomposition process of organic matter, the
action of microorganisms acts as electron receptors, while during the oxidation process,
the protons of the anode are released and travel through artificial circuits to the cathode,
thus completing the energy process through the reactions of oxide reduction (redox potential) and the oxygen available in the system [16,17]. The bioenergy generated by MFCs
is promoted in oxide-reduction processes (the higher the redox potential, the greater the
production of bioelectricity). As demonstrated by Doherty et al. (2015) [2], incorporating a
microbial cell can generate the removal of organic matter of up to 70%, 75% ammonium
removal, and 0.268 W/m3 . Aguirre-Sierra et al. [18] studied a wetland built with a biofilter
with aerobic electroconductors, observing the presence of Geobacter and Thiobacillus that
could contribute to the removal of organic matter in the form of COD, phosphorus (P), and
nitrogen (N). Incorporating the same system with electrodes could improve removal and
generate bioelectricity. This occurs when the microorganisms degrade the organic matter
present in the media used [19]. The CW system that works as an MFC in the presence of
vegetation increases the dissolved oxygen present in the substrates due to the release of this
radical area [14,20,21]. Research aimed at the use of CW-MFCs is recent, with limitations
such as the cost of materials used to favor the generation of bioenergy and make the
systems more efficient in terms of energy production. Elements of these novel systems that
promote energy production include the anode and the cathode that treat contaminated
water, which generates bioelectricity. For this reason, activated carbon and graphite [22],
titanium and activated carbon [15], graphite and titanium [23], and copper and carbon
fiber [13] are commonly used as electrodes. These materials promote the conduction of
energy due to their properties and their generation in the CW-MFC through the degradation of pollutants and organic matter. However, this biotechnology is far from the reach of
communities with limited resources. Rural communities in developing countries suffer
from the need for wastewater treatment and energy supply [24] due to their high cost [25]
or implementation in large-scale systems [26]. Operating mechanisms also require hybrid
aerobic and anaerobic operating conditions with the aim of improving the processes of
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elimination of pollutants [27] and the production of bioelectricity [28]. The generation of
bioelectricity and the production of ornamental plants were thus evaluated in VPS-CWs
during the treatment of domestic wastewater.
This VPS-CW system represents an innovation for domestic wastewater treatment,
simultaneous electric power production, and ornamental plant generation. Considering
that Canna hybrids are easily adapted to wetlands, as reported by some authors [29], and
their typical growth is higher (2.5 m) than that of Zantedeshia aethiopica (1 m) [30], which
could favor more radial oxygen release and more aerobic conditions [31], we developed
the following two hypotheses: (1) Zantedeshia aethiopica adapts to constructed wetland
conditions; however, its growth is lower than that of Canna hybrids, (2) pollutant removal
and bioelectricity production is higher in systems with Canna hybrids compared with
systems planted with Zantedeshia aethiopica.
2. Methodology
2.1. Description of Vertical Partially Saturated Constructed Wetlands
This study was carried out in Misantla, Veracruz, Mexico, at an average annual
temperature of 23 ◦ C, with an average annual rainfall of 1862 mm, considered as a tropical
climate [1]. The VPS-CWs were under a 50% shade mesh 3 m from the experimental units.
The water used came from an undiluted municipal wastewater tank, stored in a 1500 L
container that functions as a settler. The water supply to the VPS-CWs was 160 mL every
2 h, with an automated 12 W pump. Six cylindrical experimental units as shown in Figure 1
were used as VPS-CWs. Activated carbon sheets 20 cm in diameter by 3 cm in height, one
in the free flow zone and the other in the saturation zone (Figure 1), were used as anode
and cathode. An insulated copper cable was used, due to its low cost in the market, to
connect an open circuit for a period of 30 days and then a closed circuit. Each system had a
resistance of 1000 Ω (Figure 1). Likewise, each CW experimental unit was filled with red
volcanic gravel (1–3.5 mm) with a 53% porosity. Regarding the vegetation, Zantedeschia
aethiopica and Canna hybrids plants were used, the exotic flowers of which were collected
in their natural state with an average height of 17 cm. Three VPS-CWs were accordingly
Water 2021, 13, x FOR PEER REVIEW
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built with Z. aethiopica and three more with Canna hybrids. Measurements started when the
system was well established, on 15 January 2019.
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2.2. Production of Ornamental Plants in VPS-CWs
To determine the production of ornamental plants in VPS-CWs, the production of
shoots and the height of mother plants were monitored every 60 days during the study
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2.2. Production of Ornamental Plants in VPS-CWs
To determine the production of ornamental plants in VPS-CWs, the production of shoots
and the height of mother plants were monitored every 60 days during the study period.
2.3. VPS-CW System Monitoring
In a sample obtained from the bottom of each system, the following physical parameters were monitored as follows: dissolved oxygen, water temperature, electrical
conductivity, and pH by means of a Milwaukee MW802 multiparameter probe meter for
pH/EC/TDS/DO.
The following values were measured at the entrance and exit of each VPS-CW: iochemical oxygen demand (BOD5 , by NMX-AA-028-SCF-2001), phosphates (P-PO4 , amino
acid method), total Kjeldahl nitrogen, water temperature, dissolved oxygen, and pH (Milwaukee MW802). It should be noted that each parameter was measured in duplicate and
monitored from 11 to 12 h every 15 days.
Generated voltage was monitored in three time ranges from 9 to 10, 13 to 14, and
18 to 19, using an RMS Autoranging professional multimeter with a USB interface (Steren).
These values were recorded every hour. The generated current was calculated using Ohm’s
law and the power by means of the relation:
 
V
I=
R
where P = power measured in watts; I = current measured in amps; and V = voltage
measured in volts.
2.4. Statistical Analysis
A completely randomized design was used to evaluate all physicochemical and
electrical parameters. The experimental unit was an individual VPS-CW with or without
a plant treatment (Zantedeschia aethiopica or Canna hybrids or only substrate as control),
and there were three replicates for each unit. Then, the variables were evaluated with an
analysis of variance, and significant differences among means were determined using the
Tukey test (p ≤ 0.05). Prior to analysis, normality tests were performed on the data to ensure
that they fit a normal distribution curve. In this regard, all the variables present typical
characteristics of a normal distribution. The standard deviation was also determined to
evaluate nondestructive parameters of each ornamental plant (only one type of plant was
transplanted into each VPS-CW). All data analysis was done with Minitab® 16 Statistical
Software. The graphs were made with SigmaPlot v.10.
3. Results and Discussion
3.1. Production of Ornamental Plants in VPS-CWs
Figure 2 shows the development of ornamental mother plants during the study period.
Both species managed to adapt adequately to partially saturated conditions. Apparently,
this method of feeding and operation favored growth and encouraged flower generation.
In this study, 28 Canna hybrids and six Zantedeschia aethiopica flowers were produced. This
could be because the environmental conditions were adequate for their development.
On average, the environmental temperature was 23 ◦ C, which is in the range of 15 to 25 ◦ C,
the ideal temperature for the development of tropical ornamental plants. Likewise, the pH
was within the adequate range between 7 and 8 [32] for the optimal values found in this
study (Figures 3 and 4 and Table 1). On the other hand, growth reports are higher than
those reported by other authors, although in fully saturated conditions [33], the conditions
of partially saturated and activated carbon as anode and cathode stimulate the growth of
plants up to 15% more than in conditions of total saturation, as reported in studies for the
same periods of time.
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Regarding the production of shoots, Figure 3 shows the production of six Canna hybrids shoots that grew and became new plants during the study period. Similarly, Z. aethiopica produced four shoots, which developed mostly 120 days after planting. These results
show an improvement on those reported by Nakase et al. [1] under similar conditions.
This could be due to, unlike in the previous study, the substrates having the presence of
activated carbon as anode and as cathode. This may favor the development and production of new seedlings in the systems, since activated carbon has been shown to favor the
emergence of new shoots. This was observed in other studies of Citrus limon plants, such
as that reported by Vasconez et al. [34], and may be related to the improved development
of shoots in this study. On balance, new studies are required to demonstrate the effect of
activated carbon as a stimulating medium for the development of ornamental plants in
VPS-CWs with mechanisms that generate higher biomass and flower production.
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Regarding the production of shoots, Figure 3 shows the production of six Canna hybrids
shoots that grew and became new plants during the study period. Similarly, Z. aethiopica
produced four shoots, which developed mostly 120 days after planting. These results show
an improvement on those reported by Nakase et al. [1] under similar conditions. This could
be due to, unlike in the previous study, the substrates having the presence of activated
carbon as anode and as cathode. This may favor the development and production of new
seedlings in the systems, since activated carbon has been shown to favor the emergence of
new shoots. This was observed in other studies of Citrus limon plants, such as that reported
by Vasconez et al. [34], and may be related to the improved development of shoots in
this study. On balance, new studies are required to demonstrate the effect of activated
carbon as a stimulating medium for the development of ornamental plants in VPS-CWs
with mechanisms that generate higher biomass and flower production.
3.2. Contaminant Removal
Table 1 shows effluent and system influent data during the study. It was found that
the pH and temperature of the water were in adequate ranges for plant development
in tropical climates [35]. Regarding the DO, we found that two mechanisms could be
combined, the free drainage zone and the root pressure in the free flow zone, which
could increase the presence of dissolved oxygen in the system after treatment (Table 1).
Oxygen release studies in constructed humidity systems demonstrate that the presence
of vegetation favors the increase in dissolved oxygen in these systems, but not in ranges
greater than 0.5 to 4.6 mg/L [31,36]. In this study the data showed twice the normal values
reported in studies on CWs.
Biochemical oxygen demand (BOD) is an indicator of contamination or presence of
organic matter in water. This helps to monitor the degradation of organic matter present in
wastewater, which in turn reflects the amount of oxygen used by microorganisms (mainly
aerobic bacteria), plankton, and fungi [37,38]. Table 1 depicts the elimination of BOD
after treatment; the VPS-CWs managed to eliminate above 95% in both treatments, and
no significant differences (p ≤ 0.05) were found between the systems planted with Canna
hybrids and Zantedeschia aethiopica. These BOD results are superior to those reported by other
studies, with 50% greater removal than in vertical flow constructed wetlands [39,40] and
up to 55% greater removal than in horizontal subsurface flow constructed wetlands [41,42]
with BOD concentrations up to 50% lower than those presented in this study at the entry
of the systems. This could be due to the conditions of the systems (Figure 1), in which the
free flow zone and the saturation zone could allow a greater development of microbial
communities, both aerobic and anaerobic, which are the main organic matter degraders in
CWs. This proves VPS-CWs to be a suitable alternative for the removal of organic matter in
wastewater when they are used as systems that generate bioelectricity, as is the case in this
study. For total Kjeldahl nitrogen (Table 1), significant differences (p ≤ 0.05) were found
between systems planted with Z. aethiopica and Canna hybrids; the removal of contaminants
in systems planted with Canna hybrids was 5% higher. This may be because this plant
produced a greater number of shoots, and there was a greater nitrogen requirement for
its development; it is well known that nitrogen is essential for plant development [43,44].
Likewise, phosphate (Table 1) presented significant differences (p ≤ 0.05), showing a
behavior like that of total nitrogen (Table 1). However, the elimination was extremely low
in the system with Z. aethiopica (Table 1), being 6% higher in systems with the presence
of Canna hybrids. This behavior could be due to the greater presence of vegetation and
the development of young plants in the systems (Figure 3), taking into consideration that
plants require the absorption of this nutrient for their development and production of
flowers and fruits [45,46].
3.3. Bioelectricity Production in VPS-CWs
The water treatment system VPS-CW was monitored for approximately 8 months,
determining the system voltage over a constant period. It should be noted that the first
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60 days corresponded to microbiota adaptation (aerobic and anaerobic) and the creation
of a biofilm around electrons within the same system. This system was used for domestic
wastewater treatment with an initial BOD of 286 mg/L, observing an organic matter
removal efficiency of 96.1% in the system with Z. aethiopica and 98.1% with Canna hybrids
(Table 1). It is probable that as the residual water degraded (BOD removal), the availability
of electrons in the medium increased, and the power also increased exponentially with
9.7 mW/m2 in the system with Canna hybrids and 6.4 mW/m2 with Z. aethiopica during the
experimentation period for both systems. However, a higher potency was observed when
the Canna hybrids plant was used, this being the one that generated a greater removal of
BOD (98.1%) [47–50].
Figure 5 illustrates the change in peak voltage between VPS-CW systems with Canna
hybrids and Z. aethiopica. In the first weeks of treatment the maximum voltage was approximately 225 mV for the Canna hybrids system, while the Z. aethiopica system generated
approximately 350 mV, higher compared to the other VPS-CW system. Likewise, it was
noticed that in the first month of monitoring the change in voltage remained constant,
probably because the microbiota of the medium, both aerobic and anaerobic, adapted to the
substrates and the conditions of the medium. After the first month, an exponential increase
in voltage (mV) was observed reaching a maximum peak of approximately 750 mV in the
system with Canna hybrids, while the one with Z. aethiopica showed an exponential change
in voltage until the second week of May with a maximum of 450 mV. It should be noted
that this voltage remained until the first week of August. The difference between both
VPS-CW
systems was significant (p ≤ 0.05), with the highest voltage observed for Canna
Water 2021, 13, x FOR PEER REVIEW
10 of 15
hybrids. This increase in voltage could be attributed to the availability of organic matter as
the substrate was consumed. Thus, the metabolic pathway of wastewater decomposition
generated more electrons in the medium that could be transferred to the anode, leading to
higher voltage generation [50,51].

.

Figure 5. Comparison of the voltage (mV) generated in VPS-CW systems using Canna hybrids and Z. aethiopica during
8 Figure
months5.ofComparison
retention. of the voltage (mV) generated in VPS-CW systems using Canna hybrids and Z. aethiopica during 8
months of retention.

Current density was calculated in systems with Canna hybrids and Z. aethiopica during
the time the wetlands were in operation. As illustrated in Figure 6, the VPS-CWs with
Canna hybrids obtained an initial current density of approximately 65 mA/m2, while the
VPS-CWs with Z. aethiopica obtained an average density of approximately 40 mA/m2. Both
systems maintained a slight increase in current density until April 1 (04/01/19). After April
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Current density was calculated in systems with Canna hybrids and Z. aethiopica during
the time the wetlands were in operation. As illustrated in Figure 6, the VPS-CWs with
Canna hybrids obtained an initial current density of approximately 65 mA/m2 , while the
VPS-CWs with Z. aethiopica obtained an average density of approximately 40 mA/m2 . Both
systems maintained a slight increase in current density until April 1 (04/01/19). After
April 1, an exponential increase in current density was observed in the VPS-CWs with
Canna hybrids until reaching a maximum peak of approximately 140 mA/m2 . However, the
VPS-CWs with Z. aethiopica showed a slight in current density of 61.5% compared to the start,
2
eventually obtaining a value of almost 65 mA/m2 , much lower compared to the 140 mA/m
Water 2021, 13, x FOR PEER REVIEW
11 of 15
produced by VPS-CWs with Canna hybrids. It is likely that the Canna hybrids system with
higher current density than the variations in external resistance were insufficient or so
frequent that it allowed the electronically active microbiota to acclimatize properly with
each change of external resistance, promoting a higher current density over time.

Figure 6. Comparison of the current (mA/m2 )2 generated in the VPS-CW systems using Canna hybrids and Z. aethiopica
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Vertical partially saturated constructed wetlands (VPS-CWs) are a commonly used
technology for the treatment of domestic and industrial wastewater. It is important to mentechnology for the treatment of domestic and industrial wastewater. It is important to
tion that the use of these wetlands with Canna hybrids including activated carbon electrodes
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Studies with microbial combustion cells are generally performed under controlled laborconditions [48,52], whereas ours was carried out under environmental conditions in the
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conditions [48,52], whereas ours was carried out under environmental conditions in
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the study area.
Discussion: Bioelectricity Production in VPS-CWs
3.3.1. Discussion: Bioelectricity Production in VPS-CWs
It is probable that as the residual water degraded (BOD removal), the availability
It is probable
that as the
residual and
water
(BOD
removal),
the availability
of electrons
in the medium
increased,
thedegraded
power also
increased
exponentially
withof
electrons in the medium increased, and the power also increased exponentially with 9.7
mW/m2 in the system with Canna hybrids and 6.4 mW/m2 with Z. aethiopica, during the
experimentation period for both systems. According to the study carried out by Gadkari,
Shemfe, and Sadhukhan, [47], in microbial fuel cells (MFC) treatment systems the high
current densities are a function of the initial concentration of organic matter, the chemical
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9.7 mW/m2 in the system with Canna hybrids and 6.4 mW/m2 with Z. aethiopica, during the
experimentation period for both systems. According to the study carried out by Gadkari,
Shemfe, and Sadhukhan, [47], in microbial fuel cells (MFC) treatment systems the high
current densities are a function of the initial concentration of organic matter, the chemical
oxygen demand (COD). Likewise, some studies [48,49] of conventional microbial fuel
cells indicate an increase in the use of the anode for respiration of the electrode by the
mixed microbial population at low resistance plus the increase in ionic forces improves
conductivity within the system at higher concentrations of organic matter. This could
be one of the possible reasons for the increase in power densities. The maximum power
measured between the two wetland systems showed a significant difference of 5%, where
the power tended to increase as time passed (Figure 4). The system with Canna hybrids
produced the highest voltage of 9.7 mW/m2 , and that with Z. aethiopica exhibited the lowest
average value of 6.4 mW/m2 . It should be noted that the power values are high compared
to a conventional microbial fuel cell. In the study carried out by Capodaglio et al. [50], the
maximum power results were 2.1 mW/m2 using residual water from porcine excreta under
laboratory conditions. However, our study with the VPS-CW system showed a maximum
power of 9.7 mW/m2 using domestic wastewater in environmental conditions.
In the study carried out by Capodaglio et al. [50] they analyzed the electrical performance of a microbial fuel cell (MFC). In the obtained results, a removal yield of 52% of
organic matter and a maximum voltage of 31.29 (mV) were observed. When compared to
our study, the best results were observed in the VPS-CW system with the Canna hybrids with
a maximum voltage of 750 mV and a residue removal of 98%. This result is likely to have
been superior to that of Capodaglio et al. [52] due to the synergy between the microbiota
and the plants (Canna hybrids), with an adequate C/N/P (carbon/nitrogen/phosphorus)
ratio for microorganisms. This favored the availability of electrons in the medium in a
progressive way. Likewise, we assume that the availability of electrons was also due to the
growth of Canna hybrids shoots, since as shoots appeared, the wastewater was consumed,
the electrons became available, and higher voltage was generated.
With respect to the hypotheses, the study revealed that both species were adapted in
the constructed wetland conditions, and the growth of both plats was similar, contradicting
hypothesis one. However, the higher removals of NTK and phosphates, voltage, electric
current, and electric power in systems with Canna hybrids compared with systems with Z.
aethiopica support hypothesis two. For BOD, the removal was similar.
The VPS-CWs and the built-in microbial cell could be an efficient technology for
marginalized areas, since it is a low-cost system, with efficient wastewater treatment (BDO
removal > 90%), potential to generate bioelectricity, plus the factor that ornamental plants
can also be commercialized.
4. Conclusions
Our study demonstrated that VPS-CWs are an efficient technology for the treatment
of domestic wastewater, since removal of organic matter was observed. It is important
to mention that the use of these wetlands with Canna hybrids, including activated carbon
electrodes and domestic wastewater as a substrate, performed better than the wetlands with
Z. aethiopica under the same conditions. This method of water treatment and bioelectricity
production is an efficient system that generates an electric current of 140 mW/m2 , a voltage
of 750 mV, and a maximum power of 15 mA/m2 , compared to a conventional microbial
fuel cell. Unlike microbial combustion cell studies that are generally performed under
controlled laboratory conditions, ours was performed under environmental conditions in
the study area. This could be an efficient technology for marginalized areas, since it is a
low-cost system, with efficient wastewater treatment (BDO removal > 90%), potential to
generate bioelectricity, plus the advantage that ornamental plants can be commercialized.
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