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Abstract: Alternative polymer-based filter media and ornamental plants in constructed wetlands
(CWs) are a relatively unexplored field. These approaches have the potential to reduce construction
costs and enhance the aesthetic appearance of CWs. This study evaluated for the first time the use
of ornamental plants as monoculture and polyculture, as well as the incorporation of polyethylene
terephthalate (PET) as a filter medium in a large-scale community HC (divided into 12 cells) for the
treatment of municipal wastewater. Duplicate cells were planted with monocultures of Canna hy-
brids, Spathiphyllum blandum, Anturium spp., and Thypa spp., while two units had mixed cultures of
these plants and two control units remained without vegetation. Systems with vegetation achieved
average removal efficiencies of 86.95, 81.3, 64.6, 85.2, and 52% for COD, BODs, TSS, TP, and TN,
respectively. Meanwhile, in systems without vegetation, the removal efficiencies for these pollu-
tants were 81.33, 72.86, 43.68, 3.93, and 30.70%, respectively, indicating significant differences be-
tween vegetated and non-vegetated systems (p < 0.05). The PET-based filter medium showed effec-
tive pollutant removal, with values comparable to or surpassing those reported in existing litera-
ture. All ornamental species exhibited good development with new offspring and flower produc-
tion both in monoculture and in polyculture. The use of such a filter medium and ornamental veg-
etation could make CWs more attractive to rural communities.

Keywords: horizontal subsurface flow; ornamental vegetation; alternative filter media; community
participation; flower production

1. Introduction

Constructed wetlands (CWs) represent an alternative for wastewater treatment in
rural communities to solve the socio-environmental impacts caused by the discharge of
untreated municipal wastewater to rivers, lakes, natural wetlands, and soil [1,2]. Accord-
ing to the FAO [3], the majority of low-income people reside in rural areas in developing
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countries, and at least 41% of the world’s population lacks basic services such as sanita-
tion. This is mainly due to low income and geographical dispersion, which implies the
need for affordable treatment systems, such as CWs, that are easy to operate and maintain
and require little or no electrical energy consumption. In addition, CWs make possible the
efficient treatment of wastewater for its potential reuse in daily activities or local agricul-
ture [4]. CWs are engineered systems that mimic the biological and physicochemical pro-
cesses that occur in natural wetlands. Depending on the flow configuration, these systems
can have surface or subsurface flow, but the latter is the most widely used type of CW [5].

Microorganisms, filter media, and vegetation are the key components of CWs. The
role of plants is essential due to their contribution to the removal of pollutants. By releas-
ing oxygen in their root zone, plants favor the development of aerobic microzones that
enable the processes of pollutant removal. They also directly participate in the uptake of
different components such as nutrients [6,7]. Therefore, the selection and use of plants are
of utmost importance. Numerous studies have demonstrated the relevance of plants in
CWs. For example, the presence of Typha spp. and Juncus spp. in saturated or unsaturated
CWs (mesocosm level) improved the removal of nitrogen compounds and pesticides by
up to 20-40% compared to systems without plants [8,9]. In general, plants such as Phrag-
mites spp., Typha, and Scirpus spp. are commonly used worldwide in CWs for wastewater
treatment

On the other hand, ornamental plants have also been studied in tropical and subtrop-
ical regions due to their ability to adapt to the prevailing conditions in the different types
of CWs. The presence of ornamental species increases the attractiveness of CWs and can
also contribute to better efficiency of these systems in the removal of pollutants [6,10].
Regarding the filter media used in CWs, gravel and sand are the most common ones [4];
however, other alternatives such as biochar have been investigated. In a study conducted
by Kizito et al. [11], the authors compared the efficiency of corn biochar, wood biochar,
and gravel in vertical flow CW and found that corn and wood biochar were more efficient
for organic matter and phosphorus removal compared to gravel. This improvement was
attributed to the higher adsorption capacity and microbial colonization in the biochar po-
rous media. Other materials evaluated as CW filter media include porous river rock or
tepezil, which have been shown to contribute significantly to contaminant removal [4].
These materials have been used as a single filter medium or in layered configurations with
different materials [12,13]. However, the cost associated with these mineral materials may
restrict their widespread use in CW, primarily in developing countries, where lower cost
alternatives need to be sought. Furthermore, most of the studies focusing on CW compo-
nents, such as plants and filter media, have been conducted predominantly under labor-
atory conditions; very few studies examine real cases of solutions for wastewater treat-
ment problems [14]. Moreover, there is insufficient information on CWs under tropical
conditions, particularly with regard to the evaluation of ornamental plants and alternative
filter media in real-world situations.

In this regard, this study represents a significant advance in the field of municipal
wastewater treatment by CW, since it is focused on the use of tropical ornamental plants
and alternative filter materials in a large-scale CW.

It should be noted that this study is based on previous research carried out at the
laboratory and mesocosm level, in which good results were obtained using ornamental
plants and recycled polyethylene terephthalate (PET) as filter medium [6,15-17]. There-
fore, this study seeks to apply, on a larger scale, the experience obtained in the previous
studies to better evaluate the efficiency of the system and the development of ornamental
plants. In this context, this study aimed to (1) evaluate the removal of pollutants in com-
munity wastewater using a large-scale CW with PET as filter medium and divided into
cells with monocultures and polycultures of ornamental plants (Anthurium spp., Canna
hybrids, Typha dominguensis, Spathiphyllum blandum) and (2) evaluate the development of
the ornamental species in the CW.
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2. Materials and Methods
2.1. Implementation and Description of the System

The large-scale CW was implemented in the locality of Pastorias, Actopan, Veracruz
de Ignacio de la Llave, Mexico (-96°57'08" and 19°55'83" S, Figure 1), in a rural locality
dedicated to fishing, agriculture, and livestock farming, among other activities. The vol-
ume of water generated by the inhabitants of this community is 18.3 m3day".

Simbologia

[ America
0 México

Figure 1. Geographical location of the Pastorias locality where the study was carried out [18].

Before being fed to the CW system, the wastewater passed through a 60 m? septic
tank, which was mainly used as a settling unit. In order to facilitate the operation and
maintenance of the CW for community residents and reduce energy costs, a subsurface
horizontal flow CW system was selected and designed (Figure 2). This system was con-
structed on an area of 50 m? and divided into 12 cells with dimensions of 0.70 m high, 4 m
long, and 0.85 m wide, making it a large-scale wetland system [19]. The system was built
using reinforced concrete material with a cement-based impermeable coating.

The cells of the CW were filled to a height of 0.2 m with porous river rock (PRR) with
an average size of 0.132 m in diameter (Figure 3a), with the aim of avoiding obstructions
at the outlet of the wetlands [5]. From 0.2 m to 0.6 m in height, they were filled with rough
pieces of PET (Figure 3b), which were between 0.03 and 0.05 cm in size. These materials
were selected based on previous studies by this research group [6,15-17,20]. Wastewater
from the septic tank was fed to the CW system through a 2” diameter PVC pipe, using
gravity to move it through the cells. The wastewater flow was regulated by a 2” gate valve
installed in the pipeline, which allowed the flow to be controlled through a control system.

The first two months of operation of the CW were used as a stabilization period for
the system. Subsequently, the system was monitored for 12 continuous months with pe-
riodic evaluations of the water quality every 15 days. Additionally, weekly inspections
were conducted from 1 October 2018 through 30 September 2019 to ensure proper opera-
tion of the CW.
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Figure 2. Diagram of the large-scale horizontal subsurface flow CW divided into 12 cells.

Figure 3. Filter media used in CWs: (a) PRR; (b) rough recycled PET waste.

2.2. Selection of Ornamental Plants for the CW

Different criteria were taken into account for the selection of plants such as (i) re-
gional commercial interest, (ii) the aesthetic and landscape value of the ornamental plant
in the study region and (iii) availability and accessibility for its use. Factors such as avail-
ability of the species in the area, survival, tolerance and productivity under flooded con-
ditions were also considered. A description of the plants used in this study is found in
Table 1. Duplicate cells were planted with monocultures of each plant species or polycul-
tures (10 cells) and a pair of cells remained without vegetation; the individuals were
planted separated at distances of 30 cm, which is considered an optimal distance to favor
their development [17]. It should be noted that most of the plants were obtained from the
areas surrounding where the CW was implemented. In addition, to promote their correct
development, seedlings were planted on the edge of an adjacent wastewater runoff chan-
nel that originated from the septic tank, which receives domestic wastewater from the
community of Pastorias. This wastewater runoff eventually discharges into a river
(“Topiltepec”, a tributary of the Actopan River). This process lasted approximately one
month and was carried out to allow the plants to adapt to the wastewater before being
transplanted to the CW system.



Water 2023, 15, 2280

5 of 19

Table 1. Description of the vegetation used in the CW.

Number of Commercial Value

Serie Plant Individuals Cells ($ U.S. Dollar) Investment Cost Plant Source Height (cm)
A Anthurium spp. 56 2 12 $0 Nearby study area 5-10
B Canna hybrids 56 2 4 $0 Nearby study area 20-30
C  Spathiphyllum blandum 56 2 10 $0 Actopan River Bank 15-25
D Typha spp. 56 2 7 $0 Nearby study area 30-50
E Policultivo 14 of each species 2 $8 $0 Nearby study area 30-50
F Control No vegetation 2 S --—- - -——-

2.3. Evaluation of Plant Development

The plants were inspected monthly for signs of toxicity (chlorosis, necrosis and mal-
formation) and their height was measured with a tape measure at 4, 8 and 12 months after
being well adapted to the system. Furthermore, the study quantified the number of indi-
viduals and the number of flowers per individual in each cell at the end of the research
period.

2.4. Physical-Chemical Analysis of Samples

Wastewater samples were collected on a biweekly basis (500 mL) from both the in-
fluent and effluent of the CW cells. These samples were subjected to analysis for total
suspended solids (TSS), total phosphorus (TP), chemical oxygen demand (COD), bio-
chemical oxygen demand (BODs), and total nitrogen (TN). Electrical conductivity (EC),
pH and dissolved solids (TDS) were also measured. pH was measured using a Digital pH
Meter with Buffer pH 0-14 Lcd Xto. EC and TDS were measured using a TDS-EC meter.
Additionally, environmental parameters including temperature, relative humidity, and
light intensity were measured using a thermometer, hydrometer, and light meter, respec-
tively.

To avoid biochemical changes and organic degradation, samples were taken and im-
mediately kept at a temperature of 4 °C for transport to the laboratory where they were
analyzed (approximately 2 h). The analyses were carried out the same day or within a
maximum period of 24 h. For most water quality analyses an HI801-01 “iris” Visible spec-
trophotometer (HANNA® Instruments, Woonsocket, Rhode Island, USA) was used based
on standard techniques [21].

2.5. Experimental Design and Statistical Analysis

A block design was used for statistical analysis of the pollutant removal results be-
tween different treatments (vegetation type and cells without plants); the date was used
as the blocking factor. An analysis of variance (ANOVA) with fixed effects was performed
at a confidence level of 95%. Mean comparisons were performed using Tukey’s test at a
significance level of a = 0.05.

3. Results
3.1. Environmental Conditions for Vegetation Development
3.1.1. Temperature and Humidity

The average temperature in the area where the CW was implemented was 24 °C, with
a maximum of 35 °C in August 2019 and a minimum of 18 °C in January 2018. The humid-
ity was above 60% throughout the months, which classifies the area as a tropical climate
zone (Figure 4). These results corroborate previous findings for the entire central zone of
the state of Veracruz, Mexico [22]. Ambient temperature and relative humidity are im-
portant parameters that are related to each other. Relative humidity is the percentage of
water vapor present in the air, and it can vary as the air temperature changes [23].
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Figure 4. Ambient temperature and humidity during the study period.

3.1.2. Light Intensity

One of the factors that significantly influences plant growth is light intensity [24].
Plants are exposed to varying levels of light intensity throughout their lifespan [25]. Ad-
ditionally, it is crucial to note that light intensity plays a vital role in cell generation, res-
piration, and photosynthesis [26]. In this study, the light intensity to which the plants were
exposed is shown in Figure 5. The highest average values were recorded in the month of
December (51,450 lux), while the lowest intensity was reported in the month of February.
This could be attributed to the region of Mexico where this study was conducted, which
experiences a rainy season from July to October, cold fronts with strong winds and rainfall
between November and February, and a dry period from March to June [27].
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Figure 5. Intensity of light to which the CW was exposed.

Furthermore, the data obtained in this study fall within the optimal ranges of light
intensity required for the production of ornamental plants in tropical climates, which typ-
ically range from 40,000 to 50,000 lux [15].
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3.2. Vegetation Development

The development of the plants throughout the study is shown in Figure 6. Two spe-
cies, i.e.,, Anturium spp. and S. blandum, reached a higher height in monoculture than in
polyculture cells, which could be due to competition for space with the other species. In
polyculture cells, Anturium spp. was the species with the lowest height. Another factor by
which plants tend to compete when they are in polyculture is light and those species with
the highest growth rate tend to dominate, such as Thypha spp., which reached the highest
height (heights greater than 2 m) in both monoculture and polyculture cells without sig-
nificant differences (p > 0.05). One of the main reasons for this vigorous growth is the fact
that this species is typical of natural wetlands, so it is easy for it to adapt to aquatic envi-
ronments. Additionally, it has a comparatively faster growth rate than the other species
as it is an invasive and highly competitive species [28,29]. Furthermore, according to
Vymazal [30], rapid plant growth in CWs is a key characteristic that demonstrates nutrient
uptake and storage in their tissues. Regarding S. blandum, Sandoval et al. [31] used the
same species in CWs to treat wastewater contaminated with ibuprofen, reporting a
growth of 76-98 cm in height, which was similar to the values in both monoculture and
polyculture cells in this study. Regarding C. hybrids, in general it was the species with the
second-best growth, with similar results in the two types of cells. This result was probably
due to the fact that, unlike Anturium, this species generally has higher growth rates and
adapts very easily to extreme conditions in CWs [32]. According to Sandoval et al. [33],
this species reaches a height of 0.75 to 3.0 m in tropical conditions, which are similar values
to those found in this study.

Anturium spp. 4 I MONOCULTURE [ JPOLYCULTURE

M

Spathiphyllum
blandum 4

T T T T 1
50 100 150 200 250 300
Height (cm)

Figure 6. Vegetation growth in the CW along the study.

With respect to the increase in the number of individuals and flower production per
plant, the results are shown in Table 2. In this case, C. hybrids was the species with the
highest production of individuals in monoculture and highest production of flowers in
both monoculture and polyculture. In contrast, Thypha spp. was the species with the low-
est production of flowers. This low production of flowers in Thypha is similar to that re-
ported by Herazo et al. [34] when evaluating monocultures and polycultures of Typha lati-
folia, Heliconia latispatha, and Cyperus alternifolius, finding lower flowering in Typha latifolia
relative to the other species. Anturium spp. and S. blandum (the species with the highest
commercial value) produced the same number of flowers per plant, although the number
of individuals of S. blandum was much higher, indicating a higher rate of generation of
offspring.
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Table 2. Total number of individuals and average flower production per plant at the end of the study.

Species of Plant

Total Number of Individuals Average Number of Flowers Total Number of Individuals Average Number of Flowers
in Monoculture per Plant in Monoculture in Polyculture per Plant in Polyculture

Anturium spp.
Canna hybrids

Spathiphyllum blandum

Thypa spp.

72 2+1 19 3x1
209 4+2 49 61
104 2+1 32 3+1
156 1+1 56 1+1

Regarding the use of PET as a filter medium, it may have had an indirect effect on
improving nutrient uptake by plants. This can be explained by the fact that the most com-
monly used filter media provide minerals that facilitate plant growth [35,36] while PET,
lacking these properties, forces plants to take it from wastewater, which indirectly can
improve the ability of plants to absorb nutrients for their growth. In addition, it is im-
portant to highlight that despite the absence of desirable minerals for plants, PET remark-
ably adhered to plant roots, promoting bacterial proliferation and, consequently, the re-
moval of contaminants [37,38]. In general, these results show that it is possible to combine
flower production with domestic wastewater treatment in CWs, making this technology
more attractive to rural communities [39].

3.3. Pollutant Remouval
3.3.1. Variation in pH

The pH of the influent at the beginning of the study was slightly acidic, with an av-
erage value of 6.3 (Figure 7). This is within the optimal range for vegetation growth when
treating municipal wastewater [40]. The pH remained relatively stable throughout the
study due to the near-neutral values of the influent and the ability of plant roots and mi-
croorganisms to maintain an acid—base balance. Consequently, the presence of vegetation
slightly altered the pH values. The slight pH variations observed throughout the study
may be attributed to the generation of ammonia as a byproduct of nitrogen compound
decomposition, leading to increased pH during the day, and the release of CO;, typically
occurring at night [41]. Overall, there was no significant difference (p > 0.05) among the
various treatments regarding pH modification, but there was a tendency for them to mod-
ify the influent pH towards values close to 7.

@ Influent

[ Canna hybrids 1 Spathiphyllum blandum Anturium spp. O Thypa spp. [ Polyculture W Control

Oct -18

Nov -18 Dec - 18 Jan -19 Feb - 19 Mar - 19 Apr-19 May -19 Jun -19 Jul -19 Aug -19 Sep-19

Ll

S Sld i ol o] SiE ol SiA iy SiE

Date

Figure 7. Average values of pH during the study at the inlet and outlet of the cells.



Water 2023, 15, 2280

9 of 19

Figure 7 illustrates average pH behavior over the months in both the influent and
effluent. The pH throughout the entire system, including the influent, remained below 7
during the first four months of operation. This is likely due to the intense rainfall men-
tioned earlier. From the fifth month onwards, the pH remained neutral, ranging between
7 and 7.5. Changes in the average pH value between the different months were found to
be statistically significant according to ANOVA analysis. (p < 0.05).

3.3.2. Variation in Electrical Conductivity

The EC values were higher in the influent than in the effluent in both the vegetated
and control systems. This is because certain salts may precipitate and accumulate within
the wetland filter media over time, leading to a decrease in EC in the water. This phenom-
enon can be more pronounced if salts are present in higher concentrations in the influent,
as well as due to the properties of the filter media used [42].

Figure 8 presents the EC results in the systems. In this case, it was observed that EC
significantly decreased in cells planted with Anturium, S. blandum, and Typha (p < 0.05),
while no significant changes were observed in the other planted cells and the control

group.

1800

200

@ Influent

[ Canna hybrids [ Spathiphyllum blandum Anturium spp. O Thypa spp. @ Polyculture M Control

-18

Nov - 18

-

Dec - 18 Jan -19 Feb - 19 Mar - 19 Apr -19 May - 19 Jun -19 Jul -19 Aug -19 Sep - 19

Date

Figure 8. Electrical conductivity at the inlet and outlet of the cells.

3.3.3. Variation in TDS Concentration

Across the evaluation, the average TDS value of the influent was 710.8 mg/L (Figure
9). This value is high, based on studies carried out with wastewater in CWs, highlighting
the crucial role of plants in tolerating stress from high TDS levels to make CWs resilient
and efficient [43].

In general, a significant reduction in TDS was observed in all cells, including the un-
planted cells (p < 0.05). However, the reduction was lower in the latter. The vegetated
systems exhibited an average removal rate of 60%, with values reaching up to 70% in the
polyculture system. When analyzing the impact of evaluation month, no significant dif-
ference was found (p > 0.05).
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Figure 9. TDS behavior at system inlet and outlet.

On the other hand, the relationship between TDS and EC is well-known, as the re-
moval of dissolved solid components such as salts, minerals, metals, etc., consequently
reduces the EC of the effluent through processes such as adsorption and precipitation [44].
However, although the EC values were lower in the effluents compared to the influent,
they were not as low compared to the reduction in TDS. This behavior can be attributed
to other factors, such as temperature and the presence of other dissolved ions in the water
that are different from those constituting the TDS. Another important factor is that when
TDS concentration reaches a certain level, it is no longer directly related to EC. This is due
to the formation of ion pairs, where each pair weakens the charge of the other. Addition-
ally, final EC values can increase or remain high due to evapotranspiration and interac-
tions between the filter media and wastewater [44,45].

3.3.4. COD and BODs Removal

Table 3 presents the influent concentration (IC), effluent concentrations (ECs), and
removal efficiencies of the various monitored parameters (COD, BODs, TSS, TP, and TN)
for each of the vegetated cells (Canna hybrids, Spathiphyllum blandum, Anturium spp., Typha
spp., and polyculture) and the control cells.

Table 3. Concentrations and removal of pollutants in the CW.

Cells Planted with Different Vegetation and the Control Cells

Parameter Canna hybrids  Spathiphyllum blandum  Anturium spp. Thypa spp. Polyculture Control
COD
IC 274.65 +10.02
ECs 33.79£1.39 34.24+1.36 34.64+1.31 35.62+1.23 36.57 £1.35 51.15+1.95
Removal (%) 87.48 +0.53 87.27 +0.53 87.05+0.55 86.64 = 0.55 86.40 £ 0.53 81.33 £ 0.60
BOD:s
1C 116.93 +5.94
ECs 21.81+0.67 15.35+0.64 13.05+0.44 13.26 +0.43 14.03 +0.44 30.14+0.75
Removal (%) 80.47 £ 0.85 86.35 + 0.61 88.47 £ 0.40 88.05 + 0.54 87.38 £ 0.56 72.86 +1.12
TSS
IC 137.28 +12.08
ECs 50.44+£1.78 44.39 £ 1.42 44.08 £ 0.93 42,40 £0.99 38.26 £0.92 76.89 + 4.86
Removal (%) 60.27 +1.42 64.27 +1.53 63.92 +1.64 65.53 +1.49 69.34 +1.13 43.68 +£1.05
P
(@ 13.55+0.71
ECs 2.38 +£0.09 2.34+0.09 2.18+0.12 1.76 +0.08 1.41+0.07 13.01+0.48
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Removal (%)

TN

IC

ECs
Removal (%)

82.41+0.30 82.72+0.34 84.28 +0.59 86.99 +0.29 89.75+0.30 3.93+0.12
104.54 £ 0.94

49.52 +0.80 49.60 +0.84 49.38 +0.93 48.75+0.82 49.98 +0.83 7244 +1.86

52.55 + (.82 52.39 +0.94 52.64 +0.99 53.31+0.79 52.04 +0.92 30.70 + 1.74

CcoD (mg L7Y)

BODs (mg L71)

Figure 10a,b show the performance of the system in terms of organic matter removal,
measured as COD and BOD:s. The two parameters recorded a reduction in concentration
in all the cells.
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Figure 10. COD (a) and BOD:s (b) inlet and outlet concentrations in CW cells.

ANOVA results confirmed similar trends in the reduction of both parameters. There
was a significant reduction in concentrations in all cells (p < 0.05), with planted cells show-
ing higher efficiency compared to control cells (without plants), regardless of plant spe-
cies. From an average concentration of 274.65 + 10.02 mg/L for COD and 116.94 + 5.94
mg/L for BODs, the removal efficiencies ranged between 86.40% and 87.48% for COD, and
between 80.47% and 88.47% for BODs.
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The average removal of COD in vegetated cells was 86.95%, whereas in non-vege-
tated systems it was comparatively lower by 5.6% on average. Regarding BODs, the re-
moval in cells with vegetation was 4.8% higher compared to cells without vegetation,
which exhibited an average removal of 81.3% of BODs. The consistency observed among
vegetated cells despite the presence of different plant species, including typical wetland
species (Typha) and polyculture, may be attributed to the primary function of plants,
which is the release of oxygen through the roots, facilitating the growth of aerobic micro-
organisms [46]. These microorganisms significantly contributed to the degradation of or-
ganic matter. Additionally, the permanent saturated conditions in the wetland create an-
aerobic pores, favoring the anaerobic removal of organic compounds [47].

Furthermore, the COD and BODsremoval results obtained in this study using PET as
a filter medium are largely attributed to the degradation activity of microorganisms at-
tached to this filtering material. These results exceed average removal efficiencies re-
ported in a literature review by Wang et al. [48], using other filter media. The authors
suggest that adsorption plays a key role in contaminant removal in CWs, and filter me-
dium modification is one way to enhance its contribution to contaminant removal. Zidan
et al. [49] found similar COD and BODs removal using a plastic filter medium compared
to gravel and rubber, attributing this performance to root growth and increased bacterial
biofilm formation on the filter medium surface. In another study, Zaboon et al. [50] eval-
uated the impact of plastic rings as biofilm carriers on contaminant removal efficiency and
plant growth. These materials are available in different forms and sizes and provide di-
verse colonization opportunities for biofilm formation due to their specific surface area
and high hydrophilicity. Their results concluded that COD and BODs removal were sat-
isfactory due to microbial activities, confirming the impact of these plastic materials as
biofilm carriers to enhance microbial growth.

3.3.5. TSS Removal

Figure 11 and Table 3 show the performance of the different cells for TSS removal. A
substantial difference in concentration reduction between the planted cells and the control
cells is evident. ANOVA analysis confirmed that TSS removal was significant in all cells (p
<0.05), with higher removal rates observed in the planted cells compared to the control cells.
However, no significant difference was observed among the cells with vegetation. The av-
erage influent concentration was 137.28 mg/L, while the average removal rates were 64.7%
in the vegetation systems and 38.6% in the non-vegetation systems. The findings of this
study demonstrate lower removal values compared to those reported in the literature. For
instance, Nas and Ismali [51] treated domestic wastewater using typical plants found in nat-
ural wetlands (Phragmites australis and Typha latifolia) in surface flow constructed wetlands,
achieving TSS removal of 78.2%. Other studies exploring different filter media reported TSS
values ranging from 70% to 90% using gravel and/or sand as filter media [52], and even
removal rates of up to 85% using volcanic gravel [53].

This performance can be attributed to the characteristics of the pores in the PET filter
medium, which differ from conventional filter media. Typically, the removal of TSS in
constructed wetlands is attributed to the high void space and porosity of the filter media,
as well as the processes involved in capturing TSS. In a study conducted by Zidan et al.
[49] using corrugated pieces of plastic pipes as filter medium, similar TSS removal effi-
ciencies (56% to 60%) were achieved for TSS on day 56 and day 210 of operation, respec-
tively. The authors suggest that this type of filter media can remove a significant amount
of TSS since the beginning of the CW operation due to the ample available pore space and
higher porosity of the media. A substantial portion of the TSS tends to get trapped in the
media pores during the initial days of operation and decreases over the course of the treat-
ment phase.
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Figure 11. TSS inlet and outlet concentrations in the different cells of the CW.

In addition, plastic filter media have demonstrated good performance in biofilter sys-
tems, achieving effective removal of contaminants in synthetic wastewater such as COD,
BODs, TN, TP [54], and HzS [55]. In a more recent study [56], TSS removal of up to 80%
was obtained using plastic bottles (PET and polypropylene). Furthermore, cells with pol-
ycultures showed a trend towards higher efficiency, which can be attributed to competi-
tion for space between different plant species, resulting in higher root density and higher
solids retention. This behavior is similar to that reported by Tanner et al. [57] in their study
on the removal of solids in CW with horizontal flow.

3.3.6. TN Removal

The removal of TN in the different cells is depicted in Table 3 and Figure 12. The
reduction in this nutrient was significant in all cells (p < 0.05), but it was higher in the
planted cells (with no significant difference among them) compared to the control cells.
In this case, removal efficiencies ranged from 52.04% to 53.31% in the vegetated cells, start-
ing from an average influent concentration of 105.54 + 0.94 mg/L. It is important to high-
light the elevated TN concentration in these wastewater samples compared to the average
range of 20 to 85 mg/L in municipal wastewater [58]. These values are likely attributed to
anthropogenic sources originating from domestic use within the community, such as an-
imal feed supplements, nitrogenous fertilizers, local demographic composition and hab-
its, and agricultural practices [59,60]. This excessive contribution of nitrogen in
wastewater increases the potential risk of eutrophication in water bodies, underscoring
the necessity of protecting ecosystems by reducing nitrogen loads through biological
treatments such as CWs [61].

These removal results are consistent with those reported by other studies that evalu-
ated planted and unplanted systems, such as Zamora et al. [4], who used porous river rock
and tepezil as filter media, and Sandoval-Herazo et al. [15], who employed red volcanic
gravel and PET. Both studies found significant differences in TN removal between planted
and unplanted systems. Therefore, it can be concluded that vegetation in subsurface flow
constructed wetlands promotes nitrogen removal in wastewater. Specifically, PET facili-
tated plant growth despite being an unconventional filter medium for wetland treatment.
Although the contribution of different pathways to nitrogen removal was not quantified,
direct uptake by plants could have contributed at least 10% [62]. Several studies have shown
the contribution of plants in CWs to the removal of pollutants, since they have the capacity
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to absorb the nutrients contained in wastewater, mainly nitrogen and phosphorus, and use
them for growth. Furthermore, the microorganisms that attach to the roots of these plants
play a crucial role not only in the transformation of nutrients but also in the breakdown of
complex compounds found in wastewater [30,63,64]. Furthermore, the differences between
cells with and without vegetation suggest the development of a more diverse microbial
community in the planted cells, which likely facilitated nitrification—denitrification pro-
cesses, the main mechanism for TN removal in CWs [65].
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Figure 12. TN inlet and outlet concentrations in the system.

3.3.7. TP Removal

TP removal in each of the cells is shown in Table 3 and Figure 13. There was a signif-
icant difference in the results between the control cells and the vegetation cells. These dif-
ferences were confirmed through ANOVA, revealing a significant reduction in TP in the
planted cells (p < 0.05), but not in the control cells.

On average, TP removal was 85.2% in the vegetation cells, while it was only 3.9% in
the control cells. This indicates that vegetation played a crucial role in the TP removal
process. The high flower production by plant species and the production of new individ-
uals (ranging from 200 to 876 over 12 months) may have contributed to this effect, as phos-
phorus promotes flowering [66]. Similar results have been reported by other authors who
found higher removal rates in vegetation-based systems using different filter media such
as gravel, sand, and loam [67]. Other mechanisms, such as adsorption, ion exchange, and
precipitation, can contribute to the removal of TP by interacting with filter media. How-
ever, in this particular case, the observed high removal rates were primarily attributed to
the use of vegetation rather than PET. This is because the characteristics of PET make the
occurrence of these mechanisms less probable when compared to other types of filter me-
dia.

It is undeniable that vegetation significantly contributes to the removal of nutrients
such as nitrogen and phosphorus in wastewater treatment systems [68]. In addition to
contaminant removal, ornamental plant species offer additional benefits. Although cells
with ornamental plants in monoculture or polyculture do not show a significant difference
in contaminant removal, these species enhance the aesthetic appeal of the surrounding
landscape. Furthermore, the flowers produced by these ornamental plants can be
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harvested, adding further value to the wastewater treatment system and promoting sus-
tainable resource reuse.

TP (mg L)
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Figure 13. TP inlet and outlet concentrations in the system.

4. Conclusions

The ornamental plants evaluated in this study, i.e., Anthurium spp., Canna hybrids,
Typha dominguensis, and Spathiphyllum blandum, exhibited successful growth in a CW utiliz-
ing PET as a filter medium, resulting in highly efficient removal of several contaminants
contained in the wastewater generated in a rural community. Moreover, PET demonstrated
its suitability as a substitute for conventional filter media for wastewater treatment.

The implementation of treatment wetlands offers an economically and ecologically
viable solution to address wastewater contamination challenges in isolated rural commu-
nities with limited resources. The inclusion of ornamental plants can facilitate the ac-
ceptance of these systems and their integration into rural environments. Furthermore, the
utilization of PET residues provides notable advantages in terms of easy acquisition and
the potential to alleviate landfill accumulation through recycling. This is particularly ben-
eficial for resource-constrained communities, as it addresses environmental concerns.
Furthermore, this study highlights the multifunctionality of treatment strategies since the
ornamental plants employed as emergent species within the system can be harvested as
cut flowers or utilized as potted ornamental plants.

On the other hand, future studies should evaluate the efficiency of contaminant re-
moval in different types of CWs with PET as the filter medium. This would make it pos-
sible to know the effectiveness of PET as a substitute for filter media. Additionally, it is
advisable to evaluate the cost-benefit relationship for the use of PET in comparison with
other filter media. Furthermore, it is important to conduct long-term monitoring studies
to assess the environmental footprint of PET-based CWs, including potential issues such
as the release of microplastics. Regarding ornamental plants, in future research it is nec-
essary to evaluate the economic potential of flower production and social and landscape
acceptance. This involves assessing quality, identifying potential markets, and determin-
ing the economic benefits to caretakers of constructed wetlands, as well as community
perceptions and attitudes toward these ecotechnologies.
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