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ABSTRACT

Constructed wetland is a technically feasible, economically viable and environmentally sustainable
natural technology that contributes at reducing greenhouse gases in the wastewater treatment. In this
context, a pilot-scale subsurface horizontal-flow constructed wetland (HF-CW) was evaluated by using
Thalia geniculata as native vegetation. The reactor operated with an average flow rate of 204 + 66 L/
day of wastewater, with gravel support medium diameter of 2.8 + 0.8 cm, porosity of n = 56.3 + 3.5
and density of 1,666.7 + 119.3 kg/m?, with 4.2 days as a hydraulic retention time. The HF-CW weighs
approximately 2,600 kg, considering 1,108 kg of gravel, 850 kg of water and the weight of the container
(carbon steel). The kinetic behavior was observed to be first order with k = —0.43 days™', favoring the
efficiency of biological oxygen demand removal up to 90%. During the experiments, it was shown that
the bacterial biomass attached to the support material decreased its concentration from influent to efflu-
ent (33,000 to 2,000 mg/kg, mg of fixed biomass attached to each kg of gravel). For the electrical con-
ductivity, color and turbidity, values were found to decrease in the order of 7.2 + 4.8%, 86.7 + 6.8% and
90.3 + 5.8%, respectively. From the current experimental results, it was demonstrated that constructed
wetlands, involving native species as vegetation, are highly efficient for the removal of basic pollutants.
Keywords: Constructed wetlands, macrophytes, removal efficiency, wastewater treatment.

1 INTRODUCTION

Wastewater treatment based on biological processes such as aerobic lagoons, maturation and
facultative ponds, constructed wetlands (CWs) and aquatic crops represents a sustainable
technological option for small and medium communities due to its high efficiency in pollut-
ant removal, low operating cost and easy maintenance and construction. Moreover, the use
of effluents from CW not only represents a source of water, but also is a potential source of
nutrient input, with economic and environmental benefits; thus, it has acquired significant
relevance across the globe. So, the selection of the type of wastewater treatment employing
natural methods depends on the final objectives of the process [1].

The CW technology for domestic wastewater treatment is based on the association of bac-
teria with vegetation as the bacteria degrade organic matter, accumulate minerals and nutri-
ents and convert them into biomass easy to harvest on the surface, which can be later used
as an excellent source of protein, fertilizer or energy [2]. Also, the interaction with different
natural depuration processes such as physical, chemical and biological contributes to the sta-
bilization of the concentrations and the type of pollutants having less energy dissipation, low
waste production, low environmental impact and simple operation [3-5].

The subsurface horizontal-flow constructed wetlands (HF-CWs) consist of a channel or
pit, in the bottom, and has been placed a water-impermeable material, which can be plastic
or a soil with low permeability. The channel of the HF-CW is filled with a porous substrate
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(e.g. soil or gravel) to support the growth of emerging aquatic plants (reeds, rushes, tule,
etc.). The pretreated wastewater flows by gravity and along (horizontally) through the sub-
strate, promoting the interaction of facultative microorganism that lives in the roof of the
plant with the biomass adhered in the substrate. The depths in the subsurface flow reactor,
generally, are less than 0.6 m and the water level is between 2 and 4 cm below the surface
of the substrate [6].

A recent research involves the design of HF-CW using two beds of cane species (Phrag-
mites sp.) and a pretreatment through a stabilization lagoon, obtaining as a result of the
pollutant removal of wastewater from heavy oil production, up to 81% of Chemical Oxygen
Demand (COD), and 89% of Biochemical Oxygen Demand (BOD,), in a hydraulic retention
time (HRT) of 3 days [7].

In the construction and evaluation of an experimental vertical-flow CW (VF-CW) prototype,
a culture of bacteria, fungi and actinomycetes was used. The total of microorganism was deter-
mined by plate count method according to APHA (1989), and the urease activity was deter-
mined by colorimetric analysis demonstrating that there is a significant correlation between
substrate microorganism and urease activity in CW. It was concluded that urease plays a key
factor in the depuration process and can be taken as an indicator in the removal of pollutant such
as COD, BOD,, total nitrogen, total phosphorus and Total Solid Suspended (TSS). Solano et al.
[24] built an experimental prototype HF-CW with species such as torota (Thypa sp.) and cane
(Phragmites sp.). The torota showed a better density and efficiency with respect to the cane [8].

When the quality of treated water was evaluated through an HF-CW in series employing
reed vegetation (Scirpus americanus), enea (Typha domingensis) and water lily (Eichhornia
crassipes), a decrease in chemical parameters such as pH, COD (71%), calcium (91%), chlo-
ride (77%), nitrite (82%), ammonium (99.9%) and phosphate (77%), with the exception of
the nitrate ion (36%) and the electrical conductivity that increased by 93% [9]. In that experi-
ment, the system was stabilized for 44 days, with a retention time of 15 days in each CW.

A study [10] compared contaminant removal with and without supplemental aeration using
Phragmites australis and effluents from the textile industry, where higher removal rates were
observed by adding oxygen to obtain 98% in color, 86% COD, 67% in Total Kjeldahl Nitro-
gen (TKN), 26% in PT, 96% in NH N and 86% NO,-N. Another study treats leachate from
olive pomace using a VF-CW obtaining pH value of 8.5 and removals of 86%, 45% and
77% of COD, Electrical Conductivity (CE) and color, respectively. The effluent of these
treatments was putted through an electrochemical oxidation that improved the quality of the
effluent but increased the eco-toxicity in it [11].

Mexico is a vast country with a variety of geographical, hydrological and climate condi-
tions. Particularly, in Tabasco, a state located in the south of Mexico (coordinates 17°15'—
18°39" N; 91°00-94°17'W), the most important rivers around the country takes places.
Unfortunately, most of the water that reaches the rivers does not fulfill the water quality for
discharge. The predominant climate is humid and warm humid with monthly average tem-
perature between 22°C and 28°C and precipitation from 1,800 to 2,500 mm annually. This
climatic condition allows the growth of different vegetation such as Thalia geniculate and
Thypa latifolia (Fig. 1).

Thalia geniculate covers large areas in the tropical wetlands of southeastern Mexico. It is
considered as one of the dominant species from the popal. It can become dry during a severe
drought, leaving only the rhizome (Fig. 1). Among its characteristics, it has large ovate sheets
up to 60 cm long and 25 cm wide, with a sharp end and a rounded base (Asociacién Ribera
Norte, 2013). In contrast, Typha latifolia is an aquatic plant herbaceous rooted emergent and
perennial, up to 2.5 m. It is considered as an asymmetric plant, with ventral epidermis and a
large quantity of dark-colored mucilaginous glands, arranged longitudinally and towards the
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Figure 1: Native vegetation used in CW, Thalia geniculata (left) and Thypa latifolia (right).

base of the lamina, 1.5 m long and 8-9 12 mm wide, convex below the sheet and flat towards
the acute apex.

Tabasco has six CWs installed with a treatment capacity of 961.6 L/s, operating only 937.15
L/s. This quantity represents the 77.9% of the treated wastewater employing CW technology
in Mexico [12]. The CW, built in Tabasco, included combined systems of free water surface
CWs and HF-CW with mainly Thypa latifolia vegetation [12]. For this reason, it is necessary
to generate information for waste water treatment applying economic treatments that are easy
to operate and appropriate to the climatic conditions taking into account natural resources
of the region. CW could play a key role for water treatment and requires little operational
personnel, and during the process, elements provided by nature are involved [13]. In this
context, the contribution of this research is to assess the phytoremediation potential in a CW
using Thalia geniculate by evaluating the kinetics of degradation and the efficiency of pol-
lutant removal. One of the advantages was the macrophytes employed, which correspond to
native vegetation, instead of introduced species, promoting the valorization of species from
the region of southeastern Mexico, which has not been evaluated yet.

2 MATERIALS AND METHODS
2.1 Location of the pilot-scale CW

The experimental HW-CW was installed at the Division Academica de Ciencias Biologicas
(DACBiol), which is a campus from the Universidad Juarez Autonoma de Tabasco. The veg-
etation was collected in swampy areas from the Municipality of Centro, Tabasco.

2.2 CW design characteristics

The reactor is 2.5 m long x 1.2 m wide x 1 m high, operating with 0.5 m of support medium
[14]. In the reactor, all the accessories, pipes and hydraulic connections of polyvinylide of
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Figure 2: The red points from M1 to M9 indicate the sampling point in the subsurface hor-
izontal-flow constructed wetland (HF-CW). The effluent and effluent points were
also measured.

1 inch (valves, elbows, Ts, connectors, etc.) were installed for the supply and distribution of
wastewater. The water is supplied through a control tank that serves to control the speed of
entry; once the water enters, it is evenly distributed by a channel of 0.2 m x 0.2 m, and in this
channel, there are six pipeline distributions releasing the water 5 cm below the surface of the
support medium. The water, once treated, is collected at the bottom by pipes and goes to a
screen designed as a sampling point for the effluent. For natural aeration, venting wells were
placed that function as internal sampling points. Finally, 50 cm of mixed gravel was placed in
the reactor, and then, the stabilization phase of the vegetation was proceeded (Fig. 2).

2.3 Planting and stabilization of vegetation

The vegetation was placed into the gravel support medium. The support medium had a diam-
eter of 2.8 = 0.8 cm, porosity of n = 56.3 + 3.5 and density of 1,666.7 + 119.3 kg/m>. The
stem size on the surface was 10 cm long and roots were placed 15 cm below the surface [15].
The reactor was fed with clean water at the beginning, maintaining a level of 40 cm of water
for stabilization of the vegetation [2, 13]. Thereafter, wastewater from the carcamus of the
DACBiol was added to the CW. The stabilization phase in CW lasted 6 months from Febru-
ary to July 2016. By the end of October 2016, the vegetation was pruned in order to evaluate
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its growth prior to the water quality monitoring stage. The monitored variables were height,
diameter of the pseudostem, perimeter, weight (initial and final), leaves (length and width)
and humidity.

2.4 Hydraulic retention time, removal efficiency and degradation rate

In the reactor, a mixed gravel support medium (crushed rock from the Teapa River, southern
region of Tabasco) was placed and the HRT was calculated with the operation flow of the
wastewater [15].

HRT = ndA/Q, (1)

where n is the porosity, d is the height of the support medium, A is the cross section of the
reactor and Q is the water flowrate.

The pollutant removal efficiency was calculated as follows [16], where ; represents the
removal efficiency in %, C : is the wastewater influent concentration and C, is the wastewater
effluent concentration.

n=[(C,—C,)/C,] x 100. 2)

The behavior of wastewater is a first-order kinetic reaction, and the degradation rate k was
estimated with the following equation [15].

K = -In(Cn/C )/, 3)

where T = retention time for BOD removal, Cn = BOD effluent concentration of the reactor
‘n’ (mg/L), C, = influent concentration and K = degradation constant.

2.5 Wastewater characterization
The variables for the spatial distribution analysis were taken at the sampling points estab-
lished in the HW-CW (Table 1, Fig. 2). Two simple samples were collected per day during

11 days. The monitoring was developed during the months of February to April 2017. For
the kinetic study, the BOD in the influent and effluent of the HW-CW was monitored, being

Table 1: Wastewater method analysis for the determination of control parameters.

Parameter Standard Methods for the Examination of
Water and Wastewater (SMWW)

Temperature SM 2550, APHA (1992)
Turbidity METHOD 180.1, EPA (2001)
Electrical conductivity (EC) SM 2510B

pH SM 9040B

Biological oxygen demand (BOD) APPENDIX B, APHA (1998)
Total volatile solids (TVS) METHOD 1684, EPA (2001)

Color SM 2120B, APHA (1992)
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a simple daily sample for 7 days. All these samples were taken after 1 year of operation. For
estimating the kinetic constant K in the process, the sample is taken from the influent and the
effluent, obtaining the behavior and knowing the order of reaction, and here, it is considered
that the influent is the input concentration of a given day and that the effluent is the concentra-
tion of exit of the reactor after having fulfilled its HRT of that same day [15].

2.6 Biomass on the support medium

The biomass, referring to the quantity of microorganisms on the rocks, was determined by
gravimetry, adapting the total volatile solid method to a sample of the support medium at
each sampling point (Fig. 2). Each sample considers the density and porosity of the system
[17].

2.7 Analysis of the distribution of pollutants

To analyze the behavior of contaminants spatially along the length and width of the reactor,
the daily average of each sampling point referring to variables such as temperature, turbidity,
electric conductivity, pH and biomass was monitored and analyzed. The pollutant distribution
inside the reactor was plotted using the software Surfer 8.0 [18], which allows the determina-
tion of the spatial distribution within a coordinate system based on a linear interpolation and
a quadratic diagram (isoconcentration map).

2.8 Statistical analysis

In this work, an experimental design of one factor was performed for HW-CW with Thalia
geniculata, with five treatments (distances 0.00, 0.42, 1.25, 2.08 and 2.40 m) and three repli-
cate units at each point. A statistical analysis was performed to find differences between the
treatments, by means of a Kruskal-Wallis analysis followed by a Mann—Whitney median
contrast for the color and turbidity variables. The data were analyzed with the statistical pack-
age STATGRAPHICS 7.0MR.

3 RESULTS AND DISCUSSION
3.1 Retention time, degradation rates and kinetic coefficient

In this study, the HW-CW was designed to operate with 200 L/day [14]; nevertheless, the
average operating expense was 204 + 66 L/day, finding that if it operates more than 200 L/
day, the HRT decreases, so the wastewater does not comply with the contact time between
microorganisms and vegetation presenting low degradation. The HRT was 4.5 days, fulfill-
ing the recommended design criteria [2, 13, 15, 19]. The removal of BOD is achieved in a
biological and physical way mainly under anaerobic—facultative conditions, and it is influ-
enced by temperature, which was 27°C on average with an estimated k of —0.43 days™ [15].
To comply with NOM-001-SEMARNAT-1996, which indicates a daily discharge average
of 75 mg/L of BOD [20], HRT was monitored at the 4th day. With a 6-day HRT, removals
of more than 90% are achieved (Table 2) and comply with more stringent criteria set by the
regulations for the protection of aquatic life in Mexico [20]. Similar results were reported in
a study that concluded that an HRT of 8 days is adequate for the removal of organic matter
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Table 2: Estimation of the kinetic degradation constants in the HF-CW-Thalia geniculata.

Monitored days BOD influent (mg/L) BOD effluent (mg/L) & (days™) n (%)

1 375.50 66.20 -0.39 82.4
2 369.40 65.30 -0.39 823
3 403.20 66.50 —0.40 82.5
4 437.10 65.90 -0.42 84.9
5 391.70 43.30 -0.49 88.9
6 407.70 29.50 —0.58 92.8
7 254.20 50.50 —0.36 80.1
Average 376.97 55.31 -0.43 85.3

at temperatures above 25°C [21], although this implies larger reactors. The kinetic degra-
dation behaved as first order (Table 2). The removal efficiency of the maximum BOD was
92.8%, the average was 85% and the minimum was 80%, considering that the HW-CW is not
operating in series as commonly established in treatment trains [13, 22]. The current results
complied with the quality water parameters to discharge into rivers with urban public use (75
mg/L), and in some days, it meets the aquatic life protection limits (30 mg/L) (Table 2) [20].

Another vegetation species has achieved similar efficiencies of BOD removal in a VF-CW.
Also, BOD removals greater than 90% were reported with Typha and Phragmites [23], and
removal efficiencies with 80% were obtained with Typha and Phragmites after the second
year of operation in an HF-CW [24]. In this study, Thalia geniculata achieved an 85% BOD
removal due to the fact that the organic matter is degraded aerobically and anaerobically
by the bacteria adhered to the roots of the plants and to the support medium [25]. The most
important effects of emerging macrophytes in wastewater treatment are the following: plant
tissue, wind speed reduction that supports the sedimentation of suspended solids, filtering
effect or adherence of microorganisms and the absorption of plants that can be a significant
route for the elimination of nutrients, especially in low loading rates [26]. It is important to
point out that the most important elements in the evaluation of macrophytes in CW are the
removal of the basic contaminants of water, their easy handling and obtaining, as well as the
sufficient abundance of the raw material in the region for possible repopulations in the main-
tenance of wetlands. The differences between the roots in each macrophyte species in the CW
have a clear effect in the absorption of nutrients or basic contaminants, so it is consistent with
the literature; the more the long roots are, the more absorption occurred.

3.2 Spatial distribution of pollutants in the HF-CW

In the pH values, minimal differences are observed in the spatial distribution because
the input values are slightly alkaline (8.9-8.4) (Fig. 3), and there is also an effect of ion
release by the substrate and the biofilm [27]. The temperature varies from inlet to outlet
from 25.9°C to 26.6°C (Fig. 4), and this favors the growth and stabilization of mesophilic
microorganisms [28]. The electrical conductivity decreases from 1,700 to 1,400 uS/cm and
complies with the specification for agricultural irrigation in Mexico (Fig. 5). The system
reduced the salinity of the wastewater so it is suitable to be used for the irrigation of crops
[29]. The apparent color decreases from 800 to 200 Color Units (CU), with 86.7% being
removed (Figs. 6 and 9), and the turbidity decreased from influent to effluent, being the
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Thalia geniculata effective in the removal of 90.3% (Figs. 7, 8 and 9). Finally, the bacte-
rial biomass in the support medium shows that the concentration of microorganisms from
influent to effluent decreases gradually, from 33,000 to 2,000 mg/kg (mg of biomass on kg
of support medium). The support medium had a diameter of 2.8 + 0.8 cm, porosity of n =
56.3 + 3.5 and density of 1,666.7 = 119.3 kg/m>.

The basic parameters of pollutants monitored in the wastewater for the spatial distribution
analysis can be seen in Table 3.

Table 3. Basic pollutant parameters measured in wastewater for the HF-CW. Average data
of two daily samples are presented, each one with 11 samplings.

Points X (m) Y (m) pH (UpH) Temp.(°C) CE (us/cm) Color (CU) Turb. (NTU)

M1 0.10 0.42 8.77 26.63 1,731.82 861.59 25.19
M2 0.60 0.42 8.91 26.58 1,691.36 751.82 21.33
M3 1.10 0.42 8.93 26.09 1,677.00 549.05 16.10
M4 0.10 1.25 8.62 26.25 1,603.59 438.68 11.16
M5 0.60 1.25 8.62 26.15 1,573.50 367.59 9.27
Mo 1.10 1.25 8.59 25.90 1,507.45 332.14 7.48
M7 0.10 2.08 8.61 26.16 1,469.05 267.68 5.99
M8 0.60 2.08 8.56 26.18 1,440.64 250.55 4.80
M9 1.10 2.08 8.49 26.07 1,406.41 230.64 4.15
Effluent Effluent
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Figure 4: Temperature distribution.

Figure 3: pH distribution.
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3.3 Removal efficiency of basic pollutants

Regarding the removal efficiency of control parameters, it was observed that there is a degree
of removal or stabilization in some cases. For the pH values, the HF-CW with Thalia genicu-
lata presented an efficiency of 11.8%, that is to say that the water enters slightly alkaline and
low without leaving the moderately alkaline range. This value fulfilled the Mexican norma-
tivity, since the discharge ranges from 5 to 10 [20]. The temperature shows an efficiency of
7.2%, achieving a reduction of ~1°C. It is mentioned that the temperature is basically the
energy balance of the CW because it regulates the microbiological processes, and typically,
the CWs have two thermal regions (entry and exit) where the temperature basically adjusts to
the environmental conditions [30]. In the removal of electrical conductivity, an efficiency of
27.6% was obtained, and this parameter gives us an estimate of the concentration of mineral
salts present, useful in agriculture [30]. Salts and other substances affect the quality of the
wastewater, influencing the aquatic biota since each organism can tolerate certain salinity
values. A low CE avoids problems due to phytotoxicity in the vegetation [31]. In terms of
color in the wastewater, 86.7% was removed and can be attributed to the characteristics of
the Thalia geniculata as it requires more organic matter and nutrients for its growth. The
colloidal matter prevents the transmission of light, and the greater turbidity is associated
with the particle size: the smaller the particle size, the greater the turbidity of the water. A
high turbidity in the residual water can affect the purification process in the following way:
protecting the pathogenic microorganisms from the effects of disinfection by the action of
sunlight; stimulating the proliferation of bacteria; and decreasing the capacity of photosyn-
thesis of aquatic plants and zooplankton [32]. Therefore, it is of great importance to reduce
the concentrations of this parameter; so in this treatment with Thalia geniculata, 90.3% of the
turbidity was removed (Table 4).

3.4 Mathematical approximation and statistical analysis of color and turbidity

In order to better understand the removal of contaminants in an HF-CW with Thalia genicu-
lata, the mean concentration in the reactor was evaluated longitudinally according to the
main control parameters that indirectly indicate the removal of TSS and BOD, such as turbid-
ity and color. The color evaluation showed a decreasing behavior as the water passes through
the HF-CW at different distances (Fig. 10), where it is observed that the influent has an initial
concentration of 1,621 UC and lowers this concentration in the effluent to 203 UC, accord-
ing to an exponential mathematical model with negative slope establishing the equation y =
2,144.7e7951% with an R?2 = 0.9341. The statistical analysis of the available color, after testing

Table 4: Efficiency of removal of basic contaminants in the HF-CW.

Parameter Influent Effluent n (%) SD +
pH (U pH) 9.51 8.39 11.8 34
Temperature (°C) 28.01 25.99 7.2 4.8
CE (us/cm) 1,754.99 1,270.18 27.6 14.8
Color (CU) 1,751.41 232.50 86.7 6.8

Turbidity (NTU) 33.02 3.21 90.3 5.8
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Figure 10: Longitudinal behavior of color through the HF-CW.

if the data were normal and hosed, was done. A Kruskal-Wallis test was performed to evalu-
ate the hypothesis that the medians of color (UC) within each of the five levels of distance (m)
are the same. Since the P-value is less than 0.05, there is a statistically significant difference
between the medians with a 95.0% confidence level (Fig. 11).

The turbidity values showed a decreasing behavior as the water passes through the HF-CW
at the different distances (Fig. 12). It was observed that the influent has an initial concentra-
tion of 31.5 NTU and decreasing in the effluent (2.8 NTU) according to an exponential math-
ematical model with negative slope establishing the equation y = 59.873¢~6!* with an R? =
0.9972. The Kruskal-Wallis test evaluates the hypothesis that the turbidity medians (NTU)
within each of the five distance levels (m) are equal. Since the P-value is less than 0.05, there
is a statistically significant difference between the medians with a 95.0% confidence level
(Fig. 13).
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3.5 Vegetation characteristics

The growth of Thalia geniculata vegetation can vary according to the climatic conditions
of the area where the CW is installed. One of the main parameters that influence vegetation
growth is the environmental temperature and the amount of organic matter available in the
wastewater [33, 35]. The physical variables monitored in Thalia geniculata at the end of the
evaluation period showed the following average values with their standard deviation: The
plant had a height of 303.3 + 20.53 cm, pseudostem diameter of 7.3 + 0.43 cm and perimeter
of 19.1 £+ 2.68 cm; the diameter of the petiole was 1.4 + 0.39 cm and the leaf blade with width
and length of 21.7 £ 0.92 cm and 71.5 + 2.98 cm, respectively. The population density was
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Figure 13: Mean values (+SD) of turbidity at different CW treatments evaluated. Different
letters indicate statistically significant differences between treatments.

3.6 £ 1.02 young shoots/plants/m? and 3.5 + 0.93 adult plants/m? It is important to remem-
ber that it started with eight individuals per m?. In general, each plant presented a weight
of 1.031.1 + 260.93 g/m?, and at the end of the period, the weight recorded was 5.004.2 +
1.113.04 g/m. It represents that they almost gained five times more biomass. The humidity
contained in the Thalia geniculata plant was on average 68 + 8%, recovering 22.4 + 2.8 kg
(dry basis) of vegetable biomass by pruning in the maintenance.

Emerging macrophyte vegetation in the treatment of wastewater offers advantages in the
biomass of the plant tissue; reduces wind speed, thus favoring the sedimentation of solids
in suspension; and offers a filtering effect, adherence of microorganisms and absorption of
nutrients in plants [26]. Therefore, Thalia geniculata is considered to be efficient and highly
recommended for wastewater treatment.

4 CONCLUSIONS

The present study showed that the use of Thalia geniculate, as a native vegetation in an
HF-CW, has the capacity to synthesize and assimilate the organic matter and nutrients in
domestic wastewater. In order to achieve the adaptation process to the support medium
(gravel), a stabilization stage was applied during four months showing rapid growth and
spread. Likewise, the support medium allowed the adherence of microbial biomass in con-
centrations of 34,000 mg/kg with a porosity of n = 56.3 + 3.5 and a density of 1,666.7 +
119.3 kg/m®. From the experimental results, Thalia geniculata was found to be quite efficient
for the wastewater treatment in a subsurface flow with 85% of BOD removal. At ambient
temperatures higher than 28°C, a k of —0.43 days™" was calculated, improving the efficiency
similar to that of a secondary treatment.

The spatial and longitudinal distribution of the pollutants was determined within the
HF-CW. The point where purification began was identified along the HF-CW. The plants
located at the beginning of the reactor synthesized the greatest amount of contaminant,
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showing its growth and rapid propagation in the same way that the concentration of micro-
organisms is reflected. This analysis of the physical behavior of the reactor is also a tool that
can be used to identify possible process and short circuit decontrol of the system.
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