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Abstract


Constructed wetlands (CWs) represent a highly efficient, eco-friendly and economic alternative for wastewater treatment in decentralized contexts. The adequate selection of the plants used in CWs plays a decisive role in the successful implementation and operation of this technology type. In this work, we studied the behavior of a native tropical plant (Heliconia stricta Huber) for the removal of organic matter and nutrients within a hybrid CW system fed with synthetic domestic wastewater. This hybrid system was composed of two wetlands, a vertical surface flow (VSF-CW) and a horizontal subsurface flow (HSSF-CW), connected in series and being operated with nominal hydraulic loading rates of 12 and 9 mm day−1, respectively. Results evidenced nitrification (nitrite concentration increased up to three times) but not denitrification because nitrate concentration increased in the final effluent. The average removal efficiencies were 86.8%, 96.4%, and 57.0%, for COD, NH4+ and PO43−, respectively. On the other hand, the apical height, basal diameter, leaf length and width increased in relation to initial measurements (between 0.6–7.1%) in plants of both CWs, which demonstrated the ability of the plants to adapt to the operating conditions of the system. This promising performance observed when using Heliconia stricta Huber opens the need for further research and could be particularly interesting in CWs used in tropical areas.
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1. Introduction


Worldwide, more than 330 km3 year−1 of municipal wastewater are generated, and less than 60% receive treatment. The quality and quantity of treated wastewater depend on consumption habits, environmental factors and zoning population (rural/urban) [1,2]. In the developing countries, only between 8% and 20% of their wastewater is treated [1,3]. Its low wastewater treatment level is associated to population poverty levels and limited access to existing technologies [4]. Wastewaters without treatment are used mostly for irrigation systems, which has caused almost 88% of waterborne diseases to be located within these countries [4,5].



In developed countries, where the population is mainly urban, the conventional centralized (>2000 inhab.) wastewater treatment technologies (covering over 90% of the population) are used. Conventional centralized technologies achieve high removal efficiencies in organic matter (average 90%) and nutrients (up to 70%) [3]. However, centralized technologies have higher operation and maintenance costs (up to 55% more expensive) than non-conventional or decentralized treatments. In addition, these technologies are more complicated to operate and are not a sustainable solution for wastewater treatment under rural contexts [6]. Therefore, the selection of highly efficient (e.g., up to 98% for organic matter, total suspended solids and nitrogen), eco-friendly (avoiding sludge generation and using lower energy resources), easy to operate and low-cost technologies is important, especially in developing countries and rural contexts. Constructed wetlands (CWs) are an alternative, being the most common passive technologies used worldwide [6,7]. Although it is convenient to use technologies such as CWs, there are fewer of them in developing countries (e.g., around 137 active CWs in Latin America) compared to those in the USA (>8000) and European countries (e.g., >50,000 in Germany) [8,9]. CWs are widely used in the treatment of wastewaters coming from domestic, municipal, agricultural and industrial sources, among others [7].



CWs are complex systems made up mainly by vegetation, substrates, soil, native microorganisms and water, interacting with each other. Each of these components allows the contaminants removal by physical, chemical and biological mechanisms, such as volatilization, sorption, sedimentation, photodegradation, plant uptake and microbial degradation. According to CW hydraulics, they can be classified into three types based on surface flow (HSF-CW, VSF-CW) and subsurface flow (HSSF-CW), which are combined to complement and enhance its performance in hybrid systems [7,10]. The main limitation of using a single CW could be associated with a low nitrogen removal. Whereas if hybrid CWs are used, the nitrogen removal could increase due to the effective combination of nitrification (aerobic conditions, VSF-CW) and denitrification (anaerobic/anoxic conditions, HSSF-CW) processes carried out consecutively [11].



Plants play a very important role within CWs. The plant species commonly used within CWs are macrophytes, which include emergent plants, submerged plants, floating leaf plants and free-floating plants [7]. Plants remove contaminants through two ways: (i) direct function where the contaminants are absorbed by plant uptake processes and (ii) indirect function given by symbiotic association between plants and microorganisms. The roots of plants play an important role as microbial support medium, promoting the formation of different microenvironments (aerobic, anoxic and anaerobic), and producing oxygen and exudates. These conditions stimulate growth, reproduction, diversity and microbial activity. The microorganisms, mainly endophytic bacteria, are responsible for the contaminants transformation, making them bioavailable to plants. Moreover, they promote nitrogen fixation, siderophores production and phosphorus solubilization. In addition, endophytic bacteria protect macrophytes from contaminants’ toxicity due to their high concentrations. Thus, the microorganisms together with the plants facilitate the contaminants’ removal. The main route for nitrogen removal within CWs occurs when nitrification and denitrification processes are carried out by endophyte microorganisms, which are promoted by oxygen and exudates from macrophyte roots [12,13,14,15]. In addition, the plant roots in CWs can improve the substrate characteristics (porosity, permeability), the landscape environment and protect the wetland from environmental conditions (frost, radiation, wind speed) [13,14]. Therefore, the presence of plants improve the contaminant removal, especially of those nutrients that are in excess [16]. Several plants have shown potential to treat domestic wastewater and different industrial effluents, so they are used in CWs. Among the contaminants that CWs have removed from wastewater are organic matter (plants and microorganisms uptake), nutrients (plants and microorganisms uptake and adsorption in the filter bed), dyes (biodegradation and adsorption in the filter bed), heavy metals (bioaccumulation, plant or microorganisms uptake), emerging contaminants (biodegradation and adsorption in the filter bed) and other toxic compounds [5,10,13,14,15]. In the case of nutrients, plants could remove between 15 and 32 mg g−1 of total nitrogen (5–10% of the total wastewater nitrogen) and between 2 and 6 mg g−1 of total phosphorus (<5% of the total wastewater phosphorus) [12,17].



In tropical zones (mainly developing countries), CWs are more efficient than in temperate and cold zones due to their high temperatures (≥25 °C). Nutrient and organic matter removal efficiencies are at least 10 times higher than in standard CWs, because warm weather and sunlight favor plant growth and microbiological activity year-round [18,19]. The environmental conditions of tropical zones (climate and great biodiversity) allow using unconventional species (ornamental plants) within CWs. Ornamental plants (riverside plants) in tropical areas do not have a defined cycle as aquatic plants in temperate zones, because there are no well-marked seasons. For example, perennial tropical ornamental species can flower at any time of the year, depending on the species. Since the life cycle of ornamental plants depends on the water availability, its use within CWs depends on the hydraulic system [20]. Ornamental plants participate in the contaminant removal and improve the treatment system esthetic value. In addition, this plant type can provide socio-economic benefits to users due to flower production [8]. Due to the wide use of CWs, several studies are currently focused on taking advantage in some way of the plants that are used in them. Species of some ornamental plant families, such as Zantedeschia spp., Canna spp., Cyperus spp., Iris spp., Agapanthus spp., Strelitzia spp., Heliconia spp., etc., have been used for the removal of different contaminant types [14,15,16]. Efficiencies of up to 95% in total suspended solids and organic matter (measured as chemical oxygen demand and biological oxygen demand) have been reached. In the case of ammonium and phosphates, the removal has been between 10% and 90% [21,22,23,24]. It was determined that ornamental plants used within CWs have produced flowers without reducing the CW efficiency. Zurita et al. [8] used Zantedeschia aethiopica, Strelitzia reginae, Anturium andreanum and Agapanthus africanus within a HSSF-CW and a VSF-CW for 12 months, obtaining an average flower production of 60 and 10, respectively. These species could be commercialized or used for industrial purposes in the places where they were utilized. For instance, species of Heliconia spp. family from Ecuador, Thailand, Brazil, and Mexico are currently easily marketed both internally and externally [8,25,26]. For the aforementioned comments, the aim of this work is to evaluate the performance of Heliconia stricta Huber on the removal of organic matter and nutrients, using a hybrid system formed by a VSF-CW connected in series to a HSSF-CW.




2. Materials and Methods


2.1. Wastewater Characteristics


Synthetic domestic wastewater was prepared according with the procedure proposed by Almeida-Naranjo et al. [27]. The synthetic domestic wastewater components (34.0 mg L−1 of gelatin, 100.0 mg L−1 of starch, 171.0 mg L−1 of sugar, 200.0 mg L−1 of milk powder, 44.5 mg L−1 of K2HPO4, 150.0 mg L−1 of NaHCO3, 74.2 mg L−1 of (NH4)2SO4 and 3.0 mg L−1 of MgSO4) were dissolved by magnetic stirring in 500 mL of hot tap water (40 °C). Subsequently, drinking water was added to obtain 4.0 L of synthetic wastewater. The synthetic domestic wastewater was prepared immediately before feeding the experimental model to preserve its characteristics. Table 1 summarizes the synthetic domestic wastewater physicochemical characteristics. According to Metcalf [28], the synthetic domestic wastewater composition used in this research resembles the middle contaminant concentration in real domestic wastewater (COD = 500 mg L−1, TN = 40 mg L−1 and TP = 8 mg L−1).




2.2. Experimental Model


The experimental model consisted on two constructed wetlands connected in series, one with vertical surface flow (VSF-CW) followed by a second one with horizontal subsurface flow (HSSF-CW). Each constructed wetland had a 0.08-m2 area and a 16-L volume. The support medium (filter bed material) in each one was 15-cm high and was composed of gravel (size: 0.5, 1.5, and 3.0 cm). These CW dimensions were selected because the research was focused on the study of the microcosm that simulates the conditions in which the plant influences the CW. In several previous studies, the layer depth in which the plant has the greatest influence on CW performance generally ranges between 10 to 50 cm [29,30,31,32,33,34]. Furthermore, the length reached by the Heliconia stricta Huber roots is within the above-mentioned depth range. Malakar et al. [35] determined that the Heliconia stricta Huber roots in different cultivation media presented a length between 2.1 and 7.0 cm.



Inside the VSF-CW, four one-month old Heliconia stricta Huber individuals were placed, while three individuals of the same species were placed within the HSSF-CW. Plants were obtained from a nursery near Quito city (northern Ecuador; location 0°12′21″ N, 78°13′09″ W). Heliconia stricta Huber individuals were verified using taxonomic records from both USDA [36] and León-Yánez [37]. The averages of the apical height, basal diameter and relative abundance were determined before planting them in both CWs, being 44.9/33.6, 4.3/3.3 cm and 48.2/33.9 individual m−2 for VSF-CW/HSSF-CW, respectively. Figure 1 details the CW schemes.




2.3. Operational Strategy


In the adapting phase, CWs were fed with tap water for one week (hydraulic start) and later with synthetic domestic wastewater. CWs operated in series using nominal hydraulic loading rates of 0.012 and 0.009 m3 m−2 day−1 for VSF-CW and HSSF-CW, respectively. Synthetic domestic wastewater was fed and drained manually in a cyclic way according to that suggested by EPA (2000) [38]. The hydraulic retention time (HRT) for the VSF-CW was three days with a 4 h daily aeration (36 h HRT with 12 h aeration, loading rate = 12 mm day−1), while the synthetic domestic wastewater treated in VSF-CW was fed to the HSSF-CW. The aerated conditions within the VSF-CW was achieved using a fish tank pump (2.0 L min−1). The HRT for the HSSF-CW was four days (loading rate = 9 mm day−1); this CW worked without aeration. To determine the influence of synthetic domestic wastewater nutrients on Heliconia stricta Huber, its behavior was monitored using two individuals kept outside the wetlands (control) and feeding them with tap water (control). The control plants remained in the original substrate (soil), in a container with the same conditions as the hybrid system. The experimentation was carried out under laboratory conditions, with an average daily temperature and luminosity of 27 °C and 12 h, respectively. CWs were operated for 50 days.




2.4. Analytical Methods


Influent and effluent samples from the hybrid CW system were subjected to a physicochemical evaluation. Organic matter measured as Chemical Oxygen Demand (COD) was assessed according with APHA-AWWA-WEF [39], using the Hach Method 8000 (low range: 3–150 mg COD L−1 and high range: 20–1500 mg COD L−1). Moreover, nutrients in the form of ammonia (NH4+), nitrates (NO3−), nitrites (NO2−) and phosphates (PO43−) were measured. Phosphates, nitrates, nitrites and ammonia were quantified using PhosVer 3 with Ascorbic Acid Digestion Hach Method 8048 (Range: from 0.02 to 1.10 mg PO43− L−1), Cadmium Reduction Hach Method 8039 (Range: 0.3 to 30.0 mg NO3− L−1), Diazotination Hach Method 8507 (Range 0.002 to 0.3 mg NO2− L−1) and Nessler Hach Method 8038 (Range 0.02 to 2.50 mg NH3-N L−1), respectively. Additionally, daily measurements of pH and temperature were performed using a Thermo Scientific Orion 5-Star Plus equipment (relative precision: ±0.002) and a multi-parameter PCE A-420, respectively. Hach Methods coming from Chemical Company USA. (Seattle, WA, USA)



Apical height, basal diameter, leaf number, leaf length, leaf width and relative abundance were determined weekly according with the methodology described by Villamar et al. [2].



At the end of the CW operation, the plant biomass and the microbial biofilm were measured. The dry-weight of the plants was determined at 75 °C for 24 h, being measured as Volatile Suspended Solids (VSS), Fixed Solids (FS) and Total Solids (TS), using a method based on 2540-B APHA-AWWA-WEF [39]. The microbial biofilm was quantified from volatile solids suspended concentration. One hundred and eighty grams of gravel taken from the entire CW height was placed with 150 mL of a buffer solution prepared with K2HPO4 and KH2PO4. It was sonicated for three minutes to separate the biofilm. Finally, the solid concentrations were determined using analysis codes 2540B and 2540B, for total suspended solids and volatile suspended solids, respectively [40].




2.5. Statistical Analysis


The data collected was analyzed by applying a variance analysis (ANOVA) with a significance (p) of 0.05. Significant differences between type of wetland (VSF-CW and HSSF-CW), performance (COD, NH4+, NO3−, NO2−, PO43−) and allometric measurements (apical length, basal diameter, length of leaves, width of leaves, number of leaves and abundance) were analyzed. Normality (Shapiro–Wilk test) and parametric/non-parametric variance analyses (paired t-test/ Wilcoxon test) were used. The statistical software used were OriginPro 2018 and InfoStat-Statistical (version 2017) (Oringin Lab, Northampton, MA, USA and National University of Córdoba, Córdoba, Argentine; respectively).





3. Results and Discussion


3.1. Hybrid System: Operation and Performance


Temperature and pH conditions are in the ranges that favor the contaminants’ removal (>15 °C and pH 6.5–8.5) [24]. Wastewater temperature remained in a range from 19.5 to 28.8 °C and 18.5 to 27.6 °C inside the VSF-CW and HSSF-CW, respectively. This may occur because the research was conducted in summer. The pH measured in water samples taken from each CW was in a range between 6.9 and 7.7 for the hybrid system. This small variation occurs due to the buffer effect that characterizes the CWs.



Figure 2 shows the efficiency in the removal of organic matter and nutrients in each CW. The range of the COD concentrations in the effluent went from 73.0 to 153.5 mg L−1 for VSF-CW and 55.0 to 143.5 mg L−1 for HSSF-CW. The COD removal efficiencies were higher in the VSF-CW than the HSSF-CW, achieving average performances of 83.0% (±4.2%) and 29.4% (±3.8%), respectively. The average COD removal efficiencies in the VSF-CW were significantly higher (p < 0.05) than in the HSSF-CW. The COD removal in VFS-CW is higher to those presented by Zurita et al. [8] (around 77.2%) who used ornamental plants (Zantedeschia aethiopica). The higher efficiency in the VSF-CW is product of the aeration that this wetland had. The aeration could be improved because this CW type has a batch operation (intermittently), thus improving the oxygen transfer between the wetland and the atmosphere [2,41]. By improving the transfer, oxygen is retained in the pores of the filter bed and the organic matter removal increases [25].



The ammonia removal efficiencies were significantly higher (p = 0.002) in the VSF-CW than in the HSSF-CW, achieving average performances of 88.8% (±4.1%) and 61.8% (±23.7%), respectively. The removal efficiency of ammonia obtained in the VSF-CW is similar to the results obtained by Zurita et al. [8] and Nakase et al. [24], who obtained around 80% of ammonium removal in a VSF-CW using ornamental species. In the first three weeks of our system operation, the ammonia removal within the VSF-CW was higher than 90%, then decreased approximately 7% in the following weeks. The VSF-CW studied by Zurita et al. [8] showed a similar behavior; the authors indicate that it is probably because, initially, the substrate (support medium) adsorbs the contaminant, but this phenomenon decreases over time. Subsequently, nitrification and plant uptake become more important. The ammonium removal was higher in the VSF-CW because an intermittent operation and the oxygenation promote the nitrification process [26,41,42]. In this study, the nitrification process began, which is why the nitrite concentration increased (up to three times). Nitrates have a variable behavior (generation and removal), obtaining positive and negative removals. The negative removals are the product of nitrites to nitrates transformation due to nitrification. Meanwhile, positive removals may be related to the generation of anoxic micro zones, because the oxygen decreases inside VSF-CWs. Thus, the denitrification process in VSF-CW is not favored; this behavior is common in this type of CWs according to several authors [29]. Although in some weeks the nitrates removal percentage was positive, as a result of anoxic zones formation in the VSF-CW [8].



The ammonia removal in HSSF-CW is in the range reported for this CW type [42]. According to Zhang et al. [26], the HSSF-CW has adequate conditions for the denitrification process. However, in the case of nitrates, it was observed that the concentration increases in the effluent, which is the opposite of what is shown in other studies. The nitrites (0.02 ± 0.01 mg L−1) presence in the effluent confirms that the effective denitrification process is not produced [43]. Zurita et al. [8] reported nitrification due to fact that ammonium removal achieved values around 61.8%, but nitrate removed by denitrification was immediately replaced by nitrate produced by nitrification (in this study nitrite removal is around 39%). The effective nitrification in our HSSF-CW indicates that there was oxygen inside it, which could have come from the VSF-CW. Pan et al. [44] explain the possible cause of this phenomenon in a hybrid system similar to the one in our study. The authors reported that ammonium removal within the VSF-CW is produced by the oxygen presence from an aeration system, since nitrification is favored. However, they reported a low nitrate removal in HSSF-CW (around 34.3%) due to the remaining oxygen present in the VSF-CW effluent because of the excessive aeration of this CW. In our work, air flow was 1.4 m3 during HRT of 36 h. According to these authors, this problem could be solved by increasing the HRT within HSSF-CWs. Short HRT in VSF-CW limits the denitrification process in HSSF-CW because denitrifying bacteria cannot adapt to previously oxygenated influents VSF-CW [44]. According to previous authors, the HRT required to efficiently remove nutrients from wastewater goes from 10 to 13 days [45]. In other words, the HRT within HSSF-CW should be increased by at least six days in our study. Additionally, it is important to mention that nitrification processes occur in the presence of biodegradable organic matter. The organic matter concentration in the influent of HSSF-CW was 101.6 (±25.2) mg L−1 and it is probably not enough for denitrification processes because around 83% was removed in VSF-CW [11,43]. Some authors indicate that when the organic matter present in the wastewater is not enough, the organic matter contribution from the macrophytes (roots exudation or dead plant detritus) is an important organic matter source to allow the denitrification process to take place. The capacity of external organic matter contribution depends on the macrophyte species used. However, this capacity is also related to the maturity of the CWs and plants. That is, the more mature the plants are, the greater organic matter content inside the CW sediments (organic matter hydrolysis by accretion). Therefore, there will be greater organic matter availability for the denitrification process [43,44,46]. In our study, the Heliconia stricta Huber plants used were very young (one month old), being monitored for 50 days, so the organic matter production from them will be practically nil. Finally, the data statistical analysis for both CWs indicated that there were significant differences (p ≤ 0.05) in the percentages of nitrates (p = 0.002) and NO2− (p = 0.003) removal.



The phosphates effluent concentration inside the VSF-CW and HSSF-CW was increasing over time from 4.6 to 5.9 and from 1.6 to 9 mg L−1, respectively. The average phosphates removal in the VSF-CW was higher than in the HSSF-CW, achieving average performances of 44.8% and 23.4%, respectively. However, the phosphates removal between both CWs do not show significant differences (p = 0.296). The phosphates removal in the VSF-CW was comparable to the results shown by Prochaska and Zouboulis [47] (around 45%), where they used sand and dolomite as support medium. The main ways for phosphorus removal (in their different forms) in CWs are adsorption processes given by CW support medium, also chemical precipitation and uptake by microorganisms and plants. Nevertheless, the adsorption on the support material predominates inside saturated subsurface flow CWs, achieving values that vary between 0.012 and 0.42 g P g−1 support material. The adsorption and chemical precipitation of phosphorus in CWs is mainly related to the bonds it forms with the calcium, aluminum and iron contained in the support medium. According to Trang et al. [48], the increase of the phosphorous concentration in the effluent shows that the adsorption sites in the filter bed material were reduced by the phosphorus presence. When conventional materials (sand and gravel) are used as support medium, the phosphorus removal occurs only for a certain time (from two months or less up to five years, depending on the scale of the CW), due to their low calcium (<15%; however, the phosphorous removal depends on the form of calcium and pH), aluminum and iron content. This is also affected by operational parameters (e.g., hydraulic loading rate, quantity of support material, among others) and wastewater composition [49,50,51]. Indeed, if the phosphates concentration increases in the effluent over time, this indicates that its removal occurs mainly by adsorption on the support material. According to data obtained in previous researches, the plants’ uptake is less than adsorption, reporting values between 0.002 to 0.006 g P g−1 dry plant [33,49,50]. In this work, uptake by plants and microorganisms did not contribute significantly (p < 0.05) to the phosphates removal because their growth was lower, being between 0.6% and 7.1% for plants and between 0.5 and 0.9 mg cm−2 for biofilms, in each CW.



Phosphates in the HSSF-CW effluent reached higher mean concentrations (9 mg PO43− L−1) than in the influent and therefore negative removal efficiencies (up to −60.7%) were obtained. This factor could be produced by phosphates desorption from gravel due to the presence of other substances that compete with phosphorus for adsorption sites or by mineralization of organic phosphorous. In addition, phosphorus/phosphates desorption from the support material occurs because materials such as sand, gravel, and rock have been found to be a poor alternative for long-term phosphorous storage (principally due to their low calcium content, which is less than 15%) [5,52]. Moreover, the newly support material has a greater phosphorus adsorption capacity than a material that has already been used for a period [44].



The phosphates removal was higher in VSF-CW probably because of the size difference of the gravel used and the greater surface area available. Indeed, the VSF-CW gravel surface area was higher (around 50%) than the HSSF-CW gravel surface area. In some previous researches, the phosphorus removal efficiency increases with decreasing the support material size because it increases the specific surface of the material and consequently the adsorption sites. However, the fine material (<5 mm) used in our study could cause clogging, although the material size used depends on material composition, hydraulic loading rates, HRT and initial phosphorous concentration [33,49,50,53]. The low phosphates removal, as in the nitrates case inside the HSSF-CW occurs due to the short HRT. If the contact time between support material, plants and microorganism increases the biodegradation processes can occur [26,42,48]. By increasing the HRT, phosphorus has enough time to deposit on the support material and the roots of plants that growth in soil contact (Heliconia is a riparian plant) could absorb phosphates, thus decreasing the amount of phosphorus in the effluent [48,54].



Considering the hybrid CW, the removal efficiencies were 86.8%, 96.4%, −56.3%, 5.9% and 57.0%, for COD, NH4+, NO3−, NO2− and PO43−, respectively. According to the review carried out by Zhang et al. [26], hybrid CWs have high organic matter (85.7%) and ammonia (80.1%) removal. While the removal of nitrates and phosphorous achieved moderate efficiencies reaching 63.6% and 54.8%, respectively. In other case studies in which the second CW is an HSSF-CW, nitrate removal does not occur (rather, there is nitrates generation, −62.7%) or the removal is very low, and there is no denitrification [46]. The efficiency achieved in this type of CW depends on the wastewater quality, the CW configuration, the HRT, the plant type and the support medium used. Comparing these results with those found in our study, we could say that Heliconia stricta Huber is a species that could be used within CWs. This is because Heliconia stricta Huber growth is not affected within hybrid systems. We can also mention that if larger experimentation times are used (at least one year) it would be possible to determine additional economic and social value (flower generation) for this wastewater treatment type, even though this last condition was not directly observed in this work because of the youth of the species studied. The relatively short time during which this research (50 days) was conducted is justified because plants in tropical and subtropical zones do not have a defined vegetative cycle, so when the system is stable, an already representative result could be achieved. Stability is reached when the system shows at least one stable contaminant removal efficiency.




3.2. Heliconia stricta Behavior during the Operation


3.2.1. Heliconia stricta Huber Growth


The plants allometric measurements (apical growth, basal growth, leaf width and length) in both CWs are shown in Figure 3. The maximum apical height of the Heliconia stricta Huber was 44.5 and 34 cm for VSF-CW and HSSF-CW, respectively. The plants in both CWs grew 1.2% approximately, during the seven weeks of operation. On the other hand, the basal diameter increased from 4.3 to 4.5 cm and from 3.2 to 3.5 cm for VSF-CW and HSSF-CW, respectively. This represents an increase of 4.5% and 7.1%, respectively.



The individual leaves in both VSF-CW and HSSF-CW decreased in number (50% approximately) during the experimentation time. Meanwhile, the number of leaves was similar in both CWs (around 1.1 leaves per individual). However, the leaves increased their size, changing length from 44.9 to 45.5 mm (VSF-CW) and from 35.4 to 35.8 mm (HSSF-CW). The leaf width varied from 17.2 to 17.4 mm and from 14.8 to 15.0 mm inside the VSF-CW and HSSF-CW, respectively. The average longitudinal/transverse growth of the leaves was 2.7/2.3 mm and 4.5/2.5 mm for the VSF-CW and HSSF-CW, respectively. The allometric measurements values do not present significant differences between the two CWs (p > 0.05).



The development of Heliconia stricta Huber continues over time; that is, despite the low growth of its apical height, basal diameter and leaf dimensions, the Heliconias grew every certain period. This coincides with the results obtained by Méndez-Mendoza et al. [7] and Konnerup et al. [54] that worked with the same and other Heliconia species. This behavior indicates that these plants tolerate the stress to which they are subject, and they do not show toxicity symptoms or nutrient deficiencies [5,7,55].



Figure 3 shows a relationship between allometric measurements and the ammonia removal. The plant growth has no direct effect on the contaminant removal. This is because Heliconia stricta Huber plants grew only a small amount. Nevertheless, this growth was higher in HSSF-CW than in VSF-CW. The NH4+ removal inside CWs is carried out mainly by volatilization (at pH = 9.3), nitrification, accumulation in media and uptake by plants [32]. In the VSF-CW, the principal pathway was nitrification, however the plants could uptake a part of ammonia. In the HSSF-CW, there is no adequate denitrification process; probably the plants uptake more ammonia than in the VSF-CW. This is shown in a higher increase of the basal diameter, leaf width and length of Heliconia stricta Huber in the HSSF-CW, reaching 2.7%, 0.4% and 0.7%, respectively. The relative abundance was 33.3% higher in the HSSF-CW than in the VSF-CW. The average relative abundance for the VSF-CW was 48.2 individual m−2 and for the HSSF-CW was 33.9 individual m−2. Thus, the relative abundance within the VSF-CW decreased in the sixth week because an individual had to be removed, but it returned to its initial value due to a new individual appearance. For the HSF-CW, the relative abundance decreased by the third week, but it later recovered, and even surpassed the initial abundance.



Despite the small growth of the plants, they favored the initial microorganism growth. The initial biofilm growth was influenced by the microorganisms present in the plants, since synthetic domestic wastewater was used in the experiment even in the adaptation phase. The subsequent development of the biofilm was the product of the plant growth and the presence of organic matter and nutrients from wastewater. At the end of the research, 0.5 (±0.005) and 0.9 (±0.003) mg cm−2 of biofilm, or 33.9 (±0.4) and 31.3 (±0.1) g biofilm, were reached in VSF-CW and HSSF-CW, respectively. There were significant differences (p < 0.05) between the HSSF-CW and VFS-CW biofilm produced. It would be expected greater biofilm formed from VSF-CW than biofilm from HSSF-CW. However, this may occur because the VSF-CW was an aerated system, increasing continuous turbulent flow within the microcosm that causes the continuous detachment of the biofilm. In this process, the biofilm would move to the interstitial water [56].




3.2.2. Heliconia stricta Huber Biomass


Figure 4 shows the biomass produced at the end of the study period. The dry matter obtained shows a ratio of root biomass to aerial biomass of approximately 2.4 (VSF-CW), 8.0 (HSSF-CW) and 3.7 (control plants). The highest increased biomass occurred within the VSF-CW, due to the greatest removal of ammonia and phosphates and the highest biofilm quantity compared to the HSSF-CW. Although the nutrients uptake by plants is low compared to their other removal routes (uptake by microorganisms and adsorption on the support medium), we could say that the uptake was higher inside VSF-CW plants. This is consistent with that mentioned by Vo et al. [31]. Heliconia stricta Huber plants used in the control had similar mass in leaves and roots per unit area that Heliconias used in the VSF-CW, with approximately 6.1 and 110.4 g m−2 less in the control, respectively. Regarding the stems mass, the difference between the plants is greater in VSF-CW (2.1 times). However, the HSSF-CW plants had less biomass than the control plants for leaves (1.9 times), for roots (1.1 times) and for stems (2.5 times). The higher plant growth, lower biomass values and the lower biofilm growth could be attributed to the low concentration of organic matter and the adequate conditions to produce denitrification. As a result, it is believed that the plants had the best conditions to adsorb the nutrients available in this CW compared with microorganisms, but this was not enough to increase their biomass. However, if both CWs are compared, it is observed that the growth of plant biomass and biofilm is greater in the VSF-CW. This is linked to the removal of organic matter, nutrients and operating conditions in this CW, which appears to be more favorable than in the HSSF-CW.



Considering these results, we can determine that the biofilm (microorganisms) from VSF-CW has a greater participation in the removal of nutrients and organic matter than the Heliconia. In the HSSF-CW, the plants have the higher incidence in the removal of COD and nutrients in spite of the nutrients availability and the operating conditions in this CW, which are not the most suitable. In other words, Heliconia stricta can be used to remove nutrients and organic matter even in non-favorable conditions.






4. Conclusions


The route of removal of ammonia, nitrites and nitrates in the VSF-CW was through the action of microorganisms and indirectly supported by plants. The Heliconia stricta Huber provided the favorable conditions for the microorganisms to develop and remove the nutrients and organic matter. In HSSF-CW, the Heliconia stricta Huber had a greater participation in the contaminants removal. In the case of phosphates, the support material was the one that predominated in adsorption. Plants and microorganisms also uptake phosphates, but in smaller quantities. This uptake probably occurs in a similar way to that of ammonium and nitrites. Thus, Heliconia stricta Huber is an alternative native plant that can be used in hybrid systems targeted to tropical zones. In specific, Heliconia stricta Huber within VSF-CW and HSSF-CW favors the global removal of organic matter (up to 86.7%) and nutrients (NH4+: 96.4%, PO43−: 57%) from domestic wastewater. However, oxic environments (VSF-CW) are more adequate for Heliconia stricta Huber than anoxic environments (HSSF-CW). This is also related to the ability to interact with nitrification processes, increasing them up to three times compared to the initial nitrite concentration.
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Figure 1. Experimental model scheme. 
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Figure 2. Chemical Oxygen Demand (COD) and nutrients effluent concentrations and removal in constructed wetlands (CWs). Striped columns: VSF-CW and gray columns: HSSF-CW. (a) COD, (b) NO3−, (c) NH4+, (d) PO43−. (e) NO2−, 
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Figure 3. Allometric measurements of Heliconia stricta and NH4+ removal. Striped columns: VSF-CW and gray columns: HSSF-CW. 
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Figure 4. Plant biomass measurements within hybrid system. Black column: root zone, gray column: leaves, and white column: stems. 
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Table 1. Physicochemical characteristics of synthetic domestic wastewater.
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	Parameter
	Unit
	Value





	Temperature
	°C
	19.5 ± 1.6



	pH
	-
	7.5 ± 0.2



	COD
	mg L−1
	596.0 ± 60.0



	NH4+
	mg L−1
	22.5 ± 2.6



	NO2−
	mg L−1
	0.02 ± 0.02



	NO3−
	mg L−1
	3.4 ± 2.8



	PO43−
	mg L−1
	9.3 ± 1.2











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



























media/file4.png
- Removal or generation percentage (%) -
S o % 9% 8358 3 g 8 8 o
B % S %
I e B e o
N 10d
€ 8 8 $ 8 o8 8 8 $ 8 o83 .2 2% § 7
m S
4 2 | Am_
S
-a- L I M L M L o 1 L 1 M c. Ll I || -r” e. L M L s L
g §gg§gggeg*°~a &8 = = © °8 8 T g 8
o o o o o
aod PN TON
- A_.J SW) HONRIIUI U0 Juangy iy -





nav.xhtml


  water-12-01373


  
    		
      water-12-01373
    


  




  





media/file2.png
VSF-CW HSSF-CW

Effluent 1

5.0 cm

5.0cm

5.0cm

Aeration systém Fish tank pump

40 cm
- = gj(l)z ~ - Main granular medium 1.5 cm
(support media) =1.5 cm

. Buffer zone and outlet 3.0 cm

”¥=3.0 cm






media/file5.jpg
H; removal (%)

g t

i . !

g |
E i
- —
it i

I8 k

it p——





media/file3.jpg
Removal or generation percentage (%) —————————=
8899988 8 ¢ 3 a o

s s 3 2 o8s.3888%

nnnm.w_ li

g ol
FERiEREcn A % & F g g 3 ¢
a0 L fov
(50 w0 wonugy





media/file9.png





media/file1.jpg
VSF-CW HSSF-CW

o Sl T

ntent %
soam
soem| EfMuent 2
soem
Wem  20em  10em 2
Acration system Fish tank pump
oen
Gravel I ) I Mo gramular mecium 1 om
(support media) | -

s I sutr e and w3 06m





media/file7.jpg
Biomass (g m”)

000

500

Control-CW

VSF-CW

HSSF-CW

k2250

2000

f750

E so0

F250






media/file8.png
2500

2500

2250

2000 -

Biomass (g m”)

Control-CW

VSEF-CW

HSSF-CW

\\

1

- 2250






media/file6.png
NH removal (%)

00
80

- 60
0

0

0






