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Abstract:



The high costs involved in treating wastewater are problems that developing countries confront, mainly in rural areas. Therefore, Constructed Wetlands (CWs), which are composed of substrate, vegetation, and microorganisms, are an economically and ecologically viable option for wastewater treatment in these places. There is a wide variety of possibilities for substrates and ornamental plants that have not yet been evaluated to be implemented in future CW designs. The goal of this study was to evaluate the process of adaptation and removal of wastewater pollutants in CW microcosms using different terrestrial ornamental plants (Lavandula sp., Spathiphyllum wallisii, and Zantedeschia aethiopica). Those plants were sown in two types of substrate: red volcanic gravel (RVG) and polyethylene terephthalate (PET). CWs with vegetation reduced 5-day biochemical oxygen demand (BOD5) by 68% with RVG substrate and 63% with PET substrate, nitrates 50% in RVG substrate and 35% in PET substrate, phosphates 38% in RVG substrate and 35% in PET substrate, and fecal coliforms 64% in RVG and 59% in PET substrate). In control microcosms without vegetation, reductions were significantly lower than those in the presence of plants, with reduction of BOD5 by 61% in RVG substrate and 55% in PET substrate, nitrates 26% in RVG substrate and 22% in PET substrate, phosphates 27% in RVG substrate and 25% in PET substrate. Concerning fecal coliforms 62% were removed in RVG substrate and 59% in PET substrate. Regarding the production of flowers, Lavandula sp. did not manage to adapt and died 45 days after sowing and did not produce flowers. Spathiphyllum wallisii produced 12 flowers in RVG and nine flowers in PET, while Zantedeschia aethiopica produced 10 in RVG and 7 in PET. These results showed that the use of substrates made of RVG and PET is a viable alternative to be implemented in CWs. In addition, the reuse of PET is an option that decreases pollution by garbage. The plants Spathiphyllum wallisii and Zantedeschia aethiopica remarkably contribute in the removal of pollutants in wastewater. Additionally, the use of ornamental plants, with commercial interest such as those evaluated, enables an added value to the CW to be given, which can be used for flower production purposes on a larger scale and favor its acceptance within rural communities.
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1. Introduction


Water pollution is a problem all over the world [1]. The United Nations World Water Development Report estimates that 80% of wastewater (more than 95% in some developing countries) in the world is discharged without any previous treatment into the main rivers of Africa, Asia, and Latin America [2]. Therefore, the water quality is affected, the biodiversity of the species decreases and the concentrations of metals and other pollutants in the superficial aquatic systems increase [3], presenting a risk for the health of both humans [4] and the environment [5].



The conventional treatment systems to clean water, such as oxidation or stabilization lagoons, activated sludge, aeration, and upflow Anaerobic Sludge blanket, among others, require high costs in terms of construction, implementation and operation. Therefore, they are not suitable for using in communities where economic resources are scarce [6,7], like most of the rural areas in developing countries. Thus, it is important to investigate viable low cost alternatives to these populations. In this sense, constructed wetlands (CWs) are cost reduction alternatives for cleaning wastewater. CWs are ecotechnologies for the treatment of waters that imitate the functions of a natural wetland. These wetlands develop physical, chemical, and biological processes that allow the pollutants from wastewater to be removed without energy costs and with little maintenance. Consequently, they become an attractive option to solve problems of water contamination [8,9,10,11]. In the CW there are treatment interactions of the water with vegetation, the support medium (substrate) and the microorganisms that grow in the system [12]. The vegetation usually consists of typical macrophytes of natural wetlands, capable of surviving under flood conditions such as Typha latifolia, Phragmites australi,s and Cyperus papyrus [12,13,14,15,16,17,18]. However, a recent trend in CW is related to the use of flowering ornamental plants. These plants represent an option to treat the water and at the same time obtain a more aesthetic system. These species generally correspond to hydrophytes that may be typical of wetlands or terrestrial plants adapted to these conditions, such as Iris pseudacorus L. and Acorus gramineus. These hydrophytes have been used to treat industrial and rural wastewater [19]. Other species are Canna hybrids, which have been used in domestic waste water [20], Iris sibirica, used in waters produced by the pharmaceutical industry [21], Iris pseudacorus, Eichornia crassipes, Tulbaghia violacea, and Cyperus papyrus, used in domestic wastewater [22], as well as the genus Zingiberales, Heliconiasceae and cannaceae, used in raw wastewater [23]. Most of these studies are focused on the removal of pollutants, the growth and health of plants and, to a lesser extent, the production of flowers. On the other hand, there are gaps in the literature about the adaptation of terrestrial ornamental plants to survive in flood conditions and high nutrient loads [15]. According to Sandoval-Herazo et al., [7], using ornamental plants in CW, mainly in tropical areas, is a technique that may contribute to the generation of economic benefits, to improve the visual quality of the landscape and to foster communities to adopt this ecotechnology.



The support media or substrate for a future CW requires compliance with the characteristics that generate a good habitat for the development of biofilms of microorganisms that contribute to the removal process of pollutants [24,25,26,27]. Thus, they are made of porous and/or rough stone materials (volcanic rocks, gravels or sands) [28,29]. Besides, they should be easy to obtain in the areas where they are intended to be implemented, especially in tropical places [30], such as rural communities in Mexico, where there are problems of water pollution and lack of economically viable treatment plants. Nowadays, these materials have industrial applications that increase their commercial value. For this reason, it is important to evaluate new lower-cost and easy-to-obtain substrates [31], such as pieces of polyethylene terephthalate (PET).



PET is currently considered an environmental problem due to its long period of degradation, between 100 and 1000 years, and its abundant amount in the environment [32]. Therefore, applications where PET could be recycled would reduce its accumulation in landfills and other final disposal places.



The objective of this study was to evaluate the process of adaptation and removal of wastewater pollutants using terrestrial ornamental plants (Lavandula sp., Spathiphyllum wallisii, and Zantedeschia aethiopica) sown in two types of substrate (red volcanic gravel (RVG) and polyethylene terephthalate (PET)) by means of microcosms of constructed wetlands.




2. Materials and Methods


2.1. Characteristics of the CW System


This study was carried out in Misantla, a village located in the mountainous central-northern area of the State of Veracruz, Mexico (19°56′ N and 96°51′ W). The climate in the area is classified as warm and humid tropical, with rain falling all year, higher temperatures during the month of June and lower in the month of January, with an average annual temperature between 20–26 °C. The altitude of the area is between 309 and 400 m above sea level, the average annual rainfall recorded is between 1900–2100 mm [33].



The microcosm-scale experiments were established in plastic cylinders 29 cm diameter and 36 cm height (experimental units). At 5 cm above the bottom of each cylinder, a hole of 3/8′′ diameter was made to insert an “S” shaped tube that ended at a height of 21 cm (Figure 1) simulating CW systems with a continuous vertical flow. A total of 16 experimental units were established. Eight units were filled with RVG, with the following characteristics: porous surface material of 0.79, low hardness and low density [34], and 1.5 cm average diameter; collected from a material bank within the municipality of Misantla. The remaining eight were filled with PET as a substrate. This material was composed of rough and bent sections of recycled bottles that had been used to store water and soft drinks. In order to favor the development of bacterial communities, PET pieces were cut with diameters of 3 to 5 cm. The experimental units were filled from the bottom to a height of 26 cm with the respective substrates used. In the case of the units filled with PET, a 10 cm layer of VGR was added at the level of water output to avoid PET flotation. This layer played no role in the experiment and prevented the development of vectors. The water supply in the microcosms of wetlands was calculated using the Hydraulic Flow Equation (FH) [12]:


[image: ]



(1)




where

	
V = Volume of the cell (mL)



	
d = porosity, or space available for the flow of water through the wetland (percentage expressed as decimal)



	
TRH = Hydraulic retention time (days)







Figure 1. Microcosms of constructed wetlands (CWs) used in this study.
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The hydraulic retention time (HRT) value was 3 days in the 16 microcosms. Three different ornamental plant species were used: Lavandula sp., Spathiphyllum wallisii, and Zantedeschia aethiopica (12 to 19 cm height). 12 individuals were planted in duplicates according to the arrangement shown in Figure 1. The selection of the species considered that the plants were easy to adapt, and resistant to agents of weathering. Additionally, that they were of commercial interest and with the advantage of using systems as culture media [5,15,35,36,37]. The plants were acquired in two ways: Spathiphyllum wallisii and Zantedeschia aethiopica were collected from areas near the study site [38] and Lavandula sp. was acquired in a local nursery. The control units consisted of plastic cylinders filled with the substrates but without vegetation (Figure 1).



The first 30 days after planting vegetation, the CWs were fed with tap drinking water. Starting from day 31 of the study, and for 30 days thereafter, the water proportions were those indicated in Table 1. In order to adapt the vegetation to the new water quality conditions, starting from day 61, CWs were 100% fed with waste water that was stored in a 1500 L tank (fed every two days with an electric pump of ½ HP). In the inner side of the tank an engine with propellers was installed to keep the residual water in constant movement, and to favor the removal of pollutants. The study was carried out at room temperature, under a polyethylene terephthalate shadow mesh, with a shade percentage of 35%, for 300 days.


Table 1. Percentage of water that was fed constructed wetland (CW).





	Time (Days)
	% Residual Water
	% Tap Water





	31 a 33
	10
	90



	34 a 39
	20
	80



	40 a 43
	40
	60



	44 a 47
	60
	40



	48 a 51
	80
	20



	52 a 60
	90
	10



	61 a 270
	100
	0










2.2. Experimental Design


The CWs were evaluated with a two factor experimental design, factor one was plant species and factor two was substrate type.




2.3. Sampling and Analysis


From the day the tank was fed with 100% residual water and during the period from 30 June 2016 to 12 March 2017, every 15 days one sample was taken from the influent and the effluent of each CW. The samples were analyzed in the laboratory of water of the Instituto Tecnológico Superior de Misantla (ITSM). The biochemical oxygen demand (BOD5), nitrates (N-NO3), phosphates (P-PO4) and fecal coliforms (FC) were determined in duplicates by standard methods (APHA, AWWA, WEF, 2005). Total solids, electrical conductivity (EC), pH, and water temperature were measured with a Hanna H198194 multiparameter meter, at the influent and the effluent of the microcosms. Besides these data, every 15 days, the environmental temperature and light intensity were measured with a 5PE71 hydrometer and HIELEC-MS8233-2000 luxometer, respectively, every 30 min between 9:00 to 10:00 and 14:00 to 15:00 h. The average of each measurement was estimated and recorded. The height of the plant, measured with a measuring tape, and the number and size of the flowers were registered every 30 days.




2.4. Statistical Analysis


The response variables were the BOD5, nitrates, phosphates, and fecal coliforms, as well as plant height and number of flowers. Statistical differences among treatments were estimated by a two way ANOVA with species and substrates as factors, followed by less significant differences (LSD) tests, with a significance level of 5%. All statistical analyzes were performed using the Minitab version 16.1.0 [39].





3. Results and Discussion


3.1. Environmental Data


The environmental temperature (Figure 2) ranged between 15 °C and 33 °C, the maximum temperature was registered during the month of July (33 °C). From August to November the average temperature was 23 °C. These conditions are considered suitable for a good development of the plants, since they were consistent with those reported by Sacoto [40], who mentions that the optimal temperature ranges in subtropical climates for a good development of these species are between 12 °C to 25 °C. The average light intensity was 43,000 ± 890 lux (Figure 3), which indicates that it was in the optimal range (40,000 to 60,000 lux) for ornamental plants cultivation [41].


Figure 2. Environmental temperature registered between 9–10 h and 14–15 h of the day during the experiment period.
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Figure 3. Light intensity registered between 9–10 h and 14–15 h of the day during the experimental period. Vertical bars represent the standard error of the mean.
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3.2. Plant Growth


During the nine months of the study, the maximum recorded height of Zantedeschia aethiopica was 95 cm in the CWs with the RVG substratum; while with PET the maximum height was 81 cm. These data were consistent with Morales et al. [42], who mention that this species reaches a maximum height of 1.5 m in its natural environment over a 12-month period. The height of Spathiphyllum wallisii was 31% lower than Zantedeschia aethiopica in RVG and 19% in PET (Figure 4).


Figure 4. Plant height of Lavandula sp., Spathiphyllum wallisii, and Zantedeschia aethiopica registered in red volcanic gravel (RVG) (A) and polyethylene terephthalate (PET) (B) substrates.
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Z. aethiopica and S. wallisii had similar growths in RVG and PET (Figure 4A,B), although PET is not a common substrate for any vegetation, while RVG is considered a more common substrate for CWs. The growth of the vegetation is a good indicator of plants adaptation to the system and their capacity to absorb nutrients. Lavandula sp., although considered adapted to different weather conditions, such as drought and frost, among others [43], was not able to survive in any of the substrates. The pH range of the effluents registered outside RVG and PET CWs in this experiment was between 7–7.4 (Figure 5). This range is found between the permissible limits for development of Lavandula sp., which are reported in ranges between 6.5 and 7.5 [44], while for Zantedeschia aethiopica values close to 7.0 are recommended [36], and for Spathiphyllum wallisii between 6.8 and 7.5 are considered suitable [45]. These data indicate that plants did not die due to these conditions. However, despite having an aerenchymous tissue with similar characteristics to those of wetland plants, Lavandula did not develop the same adaptability of its Lamiaceae family, capable of developing in areas with a constant presence of water, such as the Mentha pulegium [46].


Figure 5. pH in influent and effluent in (A) RVG and (B) PET substrate.
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3.3. Flower Production


The production of flowers in Spathiphyllum wallisii in PET substrate was observed from the month of August. On average, these plants presented one flower per month during the flowering season (August to September 2016 and February to March 2017) (Table 2). In RVG there was a greater but irregular production of flowers, with a maximum of two flowers during the months of September, December, and March per experimental unit. Zantedeschia aethiopica produced flowers from July, getting its best production (two flowers per month) in the months of August, September, and October, and kept flowering during the rest of the experimental period. These results are according to the flowering period of these types of plants, which can be throughout the year. Besides, the light and temperature conditions presented during the experimental period were optimal as reported in similar studies for these species [37,47]. Regarding the quantity and size of the flowers (Table 2), the highest production was obtained in Spathiphyllum wallisii in the RVG substrate with 12 flowers in total during the entire study period. In PET substrate wallisii produced five flowers less than in RVG. On the other hand, the production of Zantedeschia aethiopica was 10 flowers for the RVG substrate and nine for PET substrate. Therefore, we consider that these species had a good adaptation to both substrates and environments.


Table 2. Total production of flowers in microcosms. (Red volcanic gravel (RVG) and polyethylene terephthalate (PET.).





	Plants
	Substrate
	Number of Flowers
	Flower Size (cm)





	Zantedeschia aethiopica
	RVG
	10
	36.4 ± 11.4



	Spathiphyllum wallisii
	RVG
	12
	11.2 ± 3.3



	Zantedeschia aethiopica
	PET
	9
	30.5 ± 10.1



	Spathiphyllum wallisii
	PET
	7
	9.2 ± 4.1









The number of flowers was significantly different between CWs with PET and RVG (p = 0.0092), being higher in RVG, which means that the PET substrate reduced flower production in the three species. The interaction of the species sown in each type of substrate was not significant either (p = 0.051).



3.3.1. pH in the Input and Output of the System


The appropriate pH range for the existence of most of life is 5 to 9. In this regard, values that are under 5 and higher than 9 are complicated to treat by biological means [48]. In Figure 5A, the pH values obtained in both influent and effluent are shown. They ranged between 6.8 and 7.6 in RVG and between 6.6 and 7.8 in PET, being within typical values of domestic wastewater [49]. The decreases in the pH of some of the data (Figure 5B) are based on the removal of nitrogen that occurs in these systems, which causes a reduction in alkalinity [50]. pH values higher (8.1) than the values of the influent were found in microcosms planted with Zantedeschia aethiopica in RVG. This can be associated with photosynthesis of the plants, due to the consumption of CO2 during the day, which translates into an increase in pH in the system [51]. This occurred between 135 and 150 days of the study. The lowest values (6.3) of pH were found in PET, in the microcosms with Lavandula sp., between the 255 and 270 days of experiment. These values could be associated with the presence of organic matter from the roots of Lavandula sp. that could modify the chemical characteristics of the water in the microcosms or probably by oxidation of sulfur [52]. In general, values close to neutral were found during the 270 days of operation.




3.3.2. Temperature, Electrical Conductivity, and Total Dissolved Solids Concentrations in the Input and Output of the System


The water temperature (Table 3) directly affects the development of microorganisms [53]. The temperature of the influent was 23.34 ± 0.70 °C, while in microcosms with vegetation in RVG substrates it was between 16.75 and 17.54 °C, and in the PET substrates between 16.78 and 17.63 °C. These values are congruent with those reported by Akratos and Tsihrintzis [54], who indicate that the ideal temperature values for the removal of contaminants are between 16 °C and 32 °C. Regarding total dissolved solids (TDS) in the wetland (Table 3), in the influent the average value found was 267.59 ± 5.94 mg L−1. In the microcosm effluents with vegetation, regardless of the type of substrate, the values ranged from 138.71 mg L−1 to 178.82 mg L−1. In the microcosms without vegetation higher values were found than in the CWs with vegetation, with values ranging from 186.97 mg L−1 to 215.69 mg L−1. This measure can be altered by biological processes; however, the factors that most influence their values are the physical processes of dilution and evaporation [55]. In relation to the electrical conductivity (EC), it was observed that the value of the effluents decreased in relation to that of the influents, both in the microcosms with vegetation and in the microcosms without vegetation on average 240.75 ± 28.37 μS cm−1. These results could be related to the absorption of ions, micro- and macro-elements in the roots and other tissues of the plants, in addition to the physical capacity to adsorb TDS of PET and RVG substrates [56].


Table 3. Chemical parameters at input and output of wetland microcosms.





	
Settings

	
Wetland Plants in Different Substrates






	

	
Influent

	
Lavandula sp.

	
S. wallisii

	
Z. aethiopica

	
Lavandula sp.

	
S. wallisii

	
Z. aethiopica

	
Control

	
Control




	
Substrate

	

	
PET

	
RVG

	
RVG

	
PET




	
Temperature (°C)

	
23.34 ± 0.70

	
17.18 ± 0.19

	
16.99 ± 0.21

	
17.44 ± 0.19

	
17.14 ± 0.19

	
16.94 ± 0.19

	
17.41 ± 0.13

	
17.61 ± 0.16

	
17.48 ± 0.19




	
EC (µS cm−1)

	
1306.45 ± 52.07

	
1116.98 ± 36.01

	
1167.94 ± 28.75

	
1118.48 ± 29.22

	
1012.89 ± 32.86

	
907.86 ± 47.47

	
997.13 ± 28.75

	
1050.2 ± 43.51

	
1146.22 ± 39.48




	
SDT (mg L−1)

	
267.59 ± 5.94

	
178.82 ± 2.00

	
183.71 ± 1.67

	
168.50 ± 2.18

	
156.25 ± 2.70

	
162.77 ± 2.32

	
138.60 ± 1.96

	
190.43 ± 3.46

	
212.99 ± 2.70








Values are given as the average ± standard error (n = 32); SDT (Total dissolved solids); EC (electrical conductivity); RVG (red volcanic gravel); PET (polyethylene terephthalate).









3.3.3. Concentrations of Pollutants


BOD5 in the Input and Output of the System


In CW, the elimination of BOD5 is presented by the interactions of several conditions such as absorption, sedimentation, and microbial metabolism [57]. Wetlands with vegetation favor bioremediation by releasing exudates, and enzymes that stimulate the development of microorganisms and biochemical activity in the rhizosphere [58]. In addition, in a wetland system with vegetation, the constant release of oxygen through the roots favors the reduction of BOD5. In this study, the average concentration of BOD5 in the influent was 115.96 ± 23.1 mg L−1. The data from day 15 to 45 in systems with vegetation in RVG were 74.5 ± 12.4 mg L−1 and in PET 77.4 ± 13.5 mg L−1, while in the experimental units without vegetation with RVG were 94.5 ± 0.5 mg L−1 and with PET 95.4 ± 0.3 mg L−1 (Figure 6Aa,b). These values are relatively high in relation to those found by Marín-Muñiz [16], who reported BOD5 between 10 and 40 mg L−1 in CWs with vegetation, and 20 and 80 mg L−1 in units without vegetation. Therefore, we consider that our microcosms were new and a reasonable time is needed for the development of bacterial colonies that are fundamental in the removal process. This may explain the low removal results of BOD5 presented from day 15 to 45 [59,60]. From the samples taken from day 60 to 270 the concentrations oscillated between 10 and 50 mg L−1 in RVG and between 10 and 58 mg L−1 in PET (Figure 6Aa,b). In the influent, the concentrations of BOD5 registered were between 90 and 130 mg L−1.


Figure 6. Concentration of pollutants at the influent and effluent in (A) RVG and (B) PET substrates.



[image: Sustainability 10 01594 g006]







P-PO4 in the Input and Output of the System


The influent concentrations of P-PO4 on average were 11.75 ± 4.9. After the treatment, in both substrates, it was found that the systems with vegetation with RVG were 7.36 ± 0.74 mg L−1 and 8.84 ± 0.2 mg L−1 with PET (Figure 6Ba,b). Microcosms without vegetation had concentration averages between 8.63 ± 2.49 mg L−1 and 11.40 ± 2.42 mg L−1 in RVG and PET substrates, respectively (Figure 7). The decrease of nutrients in CWs with plants may be due to the absorption of nutrients [50,61,62,63,64], which is reflected in the growth of the vegetation.


Figure 7. Reduction of BOD5 (5-day biochemical oxygen demand ) (A), P-PO4 (phosphates ) (B) and N-NO3 (nitrates) (C) and CF (fecal coliforms) (D) in effluents and effluents of microcosms.
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N-NO3 in the Input and Output of the System


The concentration of nitrogen in the influent was 11.95 ± 3.65 mg L−1. It decreased in the microcosms with vegetation ranging from 5.82 ± 1.64 mg L−1 to 8.10 mg L−1 for RVG, and 7.53 ± 1.26 mg L−1 in PET (Figure 6Ca,b), while the systems without vegetation were 8.55 ± 3.85 mg L−1 and 10.12 ± 3.94 mg L−1 in RVG and PET, respectively. These data are justified by the role of plant roots, which release oxygen inside the CWs, also by the absorption of nutrients in their tissues as reported by Vymazal [63], which is exemplified by the vegetation growth, shown in Figure 4. The decrease in concentrations between 120 and 135 days was related to a period of rainfall that occurred in the area and which favored the dilution of the nutrient




Fecal Coliforms in the Input and Output of the System


The concentrations of fecal coliforms in the wastewater were on average of 3319.31 ± 64.4 NMP (Most probable number) 100 mL−1. After passing through the systems with vegetation, this concentration dropped to average ranges in RVG of 1211.49 ± 77.42 NMP 100 mL−1, and in the CWs with vegetation in PET of 1386.97 ± 54.01 NMP mL−1 (Figure 6Da,b).





3.3.4. Removal of Pollutants


BOD


The BOD reduction for the microcosms with vegetation in RVG substrates were between 62.32% and 74.46% and in PET between 57.11% and 68.59%. For microcosms without vegetation, the removals were 60.99% and 54.89% in RVG and PET, respectively (Figure 7A), without statistical differences among substrates (p = 0.391). The difference between microcosms with and without vegetation was 7.8%, which indicates that the removal took place more by microbial action and by adsorption in the substrates than by phytoremediation effects [16]. These results are congruent with those reported by Zurita et al. [36] using Z. aethiopica plants in tezontle substrate, where removals obtained oscillated between 78% and 83% in vertical flow wetlands. The values of water quality after treatment comply with the accepted parameters of the Environmental Protection Agency (Washington, DC, USA) reported by Veliz-Lorenzo et al. [61]. This means that this water may be used to irrigate trees, pastures for agricultural production, industrial crops, and parks, and other common uses for water treated by CWs [62]. Regarding the species, statistical differences were found in the BOD removals (p = 0.006). Besides this, significant differences between the two substrates with vegetation were found (p < 0.05); while in both substrates (RVG and PET) without vegetation, no statistical differences were observed in the removal of contaminants (p = 0.101).




P-PO4


The reduction of P-PO4 (Figure 7B) that was found in the CWs with vegetation (S. wallisii and Z. aethiopica) was 34% and 48% in RVG substrate, and 35% and 45% in PET, respectively. This reduction was possibly due to processes of absorption by vegetation [63]. It has been reported that the absorption of phosphates by the action of plants is higher in tropical areas and that gravels have a low capacity for phosphate removal [65]. This information is congruent with the results presented in studies using tropical plants (Table 4). Concerning the CWs without plants, percentages of reduction obtained in substrates with RVG and PET were 27% and 25%, respectively. The results obtained are consistent with those reported by Rousseaut et al. [66]. Although, different researches report that plant uptake is not a sustainable mechanism of elimination of P-PO4 [67], and that the main mechanism is the adsorption of this compound on substrates [68], our study shows that vegetation could play an important role in reduction of P-PO4 in tropical places. However, it is important to evaluate the combination of support media used in this study (RVG and PET) with others that have a greater capacity to remove P-PO4 [69], such as zeolite [70], and magnesium-containing materials [71].


Table 4. Comparison of CWs support media and their removal of contaminants.





	Substrate
	Vegetation
	Type of Cultivation
	Type of WW *
	Removal
	Site
	Authors





	Tezontle
	Canna spp. and Iris spp.
	polyculture
	Sewage
	BOD: 82, TN: 53, TP: 60.
	Chile
	Morales et al. [42]



	Gravel
	Canna indica
	polyculture
	Synthetic
	N: 65–67, P: 63–74, Zn and Cu: 98–99, Carbamazepine: 25–51, LAS: 60–72
	Italy
	Macci et al. [72]



	Tezontle
	Strelitzia reginae, Canna hybrids and Anthurium andreanum,
	polyculture
	Domestic
	COD: >75, P: [image: ]66, Coliforms: 99
	Mexico
	Zurita et al. [35]



	Tezontle and red volcanic gravel
	Strelitzia reginae, Anturium andreanum and Agapanthus africanus
	polyculture
	Domestic
	TSS: 62, COD: 80, BOD: 82, TP: >50, TN: >49
	Mexico
	Zurita et al. [73]



	Tezontle
	Zantedeschia aethiopica
	Monoculture
	Domestic
	BOD: 79, TN: 55, PT: 50
	Mexico
	Zurita et al. (36)



	Red volcanic gravel
	Lilium sp., Anthurium sp., and Hedychium coronarium
	polyculture
	Municipal
	NT: 47%, PT: 33%, DQO: 67%
	Mexico
	Hernández [15]



	Tezontle
	Strelitzia reginae
	polyculture
	Municipal
	COD: 75, TN: 18, TP: 2, TSS: 88.
	Mexico
	Zurita and Carreón-Álvarez [74]



	Expanded clay
	Canna generalis Bailey, and Iris pseudacorus L.
	polyculture
	stormwater runoff
	N and P Canna (>90), Iris (>30)
	USA
	Chen et al. [19]



	Clay
	Canna flaccida, Canna indica, Agapanthus africanus and Watsonia borbonica
	polyculture
	Community
	BOD, COD, P-PO4, NH4 and total coliform bacteria (all up to 84)
	Portugal
	Calheiros et al. [69]



	Soil
	Crinum asiaticum and Spathiphyllum clevelandii Schott
	polyculture
	Domestic
	PO4-P: ~20
	Thailand
	Torit et al. [75]



	Gravel
	Spathiphyllum wallisii, Zantedechia aethiopica, Iris japonica, Hedychium coronarium, Alocasia sp., Heliconia sp. and Strelitzia reginae.
	polyculture
	Domestic
	N-NH4: 64–93 BOD: 22–96 COD: 25–64
	Mexico
	Garzòn et al. [76]



	Tabachin Wood
	Spathiphyllum wallisii
	polyculture
	Domestic
	PT: 73.2%, DQO: 98%, N-N-NO4: 73.2%, SST: 99.5%
	Mexico
	Cervantes-Quiroz [64]







* WW: Wastewater.









N-NO3


Regarding the type of substrate, significant differences were observed between both substrates using vegetation (p = 0.001). The percentage of reductions obtained (Figure 7C) were greater in the microcosms with vegetation and RVG planted with S. wallisii and Z. aethiopica, where values of 58% and 59% were obtained, respectively. In the case of the CWs with PET and vegetation, the removals in the plants that survived were 40% with S. wallisii and 41% with Z. aethiopica, whereas in the microcosms without plants the values were 26% in RVG and 39% in PET. The main process involved in the removal of pollutants was on the substrates (adsorption). As it was observed in the growth, there was a process of phytoremediation (on average, 17% was favored by the presence of vegetation). Therefore, it is possible to justify that this could have been used for the development and growth of the plants, as previously described. Other processes as denitrification to eliminate nitrogen in CW were not investigated in this study [77,78]. The results obtained in this study are within the ranges of removal of contaminants found in other studies, such as those shown in Table 4. In these studies, substrates of stone origin were used [54,79], indicating that the substrates used in this study represent another option to use as filters in wetlands. Besides, the substrates used here are cheaper, easier to obtain, and solve other problems at the same time, such as the problem of saturation of garbage by PET.



There were not significant differences using RVG and PET without plants (p = 0.676). Although significant differences in N-NO3 were found between plant species. In RVG (p = 0.001) S. wallisii removed more nutrients than the other species (4.99 ± 2.21 mg L−1). There is also a statistical significant difference using different plant species with PET (p = 0.011), S. wallisii being the one with the highest reduction, with an average of 7.23 ± 2.41 mg L−1. Thus, it is clear that this species removes better in RVG substrate than in PET. The second species removing N-NO3 was Z. aethiopica (6.18 ± 2.23 mg L−1), and third in order was Lavandula sp. with 8.47 ± 3.55 mg L−1. Although the plants died, the measurements of the concentrations of pollutants at the output of these experimental units continued throughout the experimental period, in case the remaining roots generated new outbreaks. However, the species did not support the conditions of wetlands.




Fecal Coliforms


The microcosms without vegetation in both substrates had no significant differences among them (p = 0.639). On average, reduction of coliforms was 65% in RVG and 62% in PET substrates (Figure 7D). These results are consistent with those obtained by Headley et al. [80], who did not find significant differences between the results of CWs vertical flow with vegetation and without vegetation. These results indicate that the vegetation does not play an important role in the elimination of CF (Fecal Coliforms). They are related to the fact that the CF cannot survive by intervals of time, directly influencing the time of hydraulic retention (THR) [81,82]. Therefore, it is recommended to evaluate the elimination of CF by increasing THR to favor more removals [65]. The release of antibiotics (such as phytometallophores and phytochelatins) by the roots of plants [83], plant cover, settlement of microorganisms, exposure to abiotic stress conditions such as pH, temperature, and oxygen concentration can play important roles in the reduction of coliforms [84,85]. In addition, many of these factors are interrelated [86,87,88].



Consequently, no significant differences were observed in both substrates using vegetation (p = 0.873). There is not a significant difference, in the means of fecal coliforms, using different plants in RVG (p = 0.943). Although S. wallisii had better average mean removal of MPN (Most probable number) (1143.1 mg L−1), there is not a statistically significant difference using different plant species with PET (p = 0.901). Even with this substrate, it was observed that CWs without vegetation presented a slightly higher average (8%) than with Lavandula sp. and S. wallisii plants. However, with Z. aethiopica it was on average MPN 1267.1 ± 814.23 mg L−1.



The use of PET as a substrate material is an innovation as a means of support and is an economically and ecologically viable alternative to treat wastewater in CWs. Its use in real-size wetlands would imply minimum investment costs in substrates, since PET can be obtained in the communities where these solutions are intended to be implemented. This way, it reduces the impact that this material causes to the environment due to its long period of biodegradation, and it would give a new use to this material, which is massively produced on the planet.



On the other hand, it is important to mention that in the literature there are few records on the use of ornamental plants, such as Spathiphyllum wallisii, and their adaptation and reduction of contaminants in CWs (Table 4). Yet, it is still important to evaluate polycultures in CWs at a mesocosm level to know the complete picture of the species and its biochemical interactions in these types of systems. Additionally, the use polycultures of ornamental plants that produce flowers in CWs would favor the acceptance of these systems in communities where it is necessary to implement them to solve problems of wastewater contamination. Regarding the Lavándula sp., the values obtained in both, concentration and removal, were similar to those observed in controls without vegetation and no significant differences were found (p > 0.05) because the plant died in both substrates (RVG and PET).







4. Conclusions


The main findings of this study reveal that PET waste as a means of support in CWs favored the removal of contaminants and the proper development of plants, being an innovation in use of this material as a substrate. The use of RVG showed favorable results with respect to the reduction of pollutants (nitrate, phosphates, biochemical oxygen demand, and fecal coliforms). The use of these substrates combined with others of stone origin could be considered in future studies in order to have a complete overview of their removal efficiency and for the development of plants, both at the microcosm and macrocosm levels, as well as in studies of different plant species that can be adapted to these systems using PET as a support medium. In the removal of pollutants, the ornamental plants S. wallisii and Z. aethiopica were able to adapt to the conditions of CWs and to use the pollutants for their growth. Therefore, the use of these ornamental plants in macrocosms and mesocosms of wetlands is recommended to treat wastewater in rural communities with problems of wastewater treatment. Additionally, the production of flowers indicates that these plants can become a source of economic income for the caretakers of wetlands and it may contribute to these ecotechnologies becoming accepted with greater landscape impact in societies where this type of solution is required. Lavandula sp. cannot adapt to wetland systems, so it is not recommended to use for CWs.
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