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Abstract: The aim of this research was to evaluate the efficiency of horizontal subsurface flow-constructed
wetlands (HSSFWs) planted with Hippeastrum striatum and Heliconia lastisphata for the treatment of
contaminated river waters by wastewater from the dairy industry (WDI) and domestic wastewater in
tropical climates over a study period of 136 days. Cell with a real volume of 780,000 mL and a flow
rate of 1.805 mL s~!. The hydraulic retention time was determined to be 5 days. 12 individuals of
Hippeastrum striatum were planted at a distance of 20 cm from each other in one cell, while in another
cell, 12 individuals of Heliconia spp. were planted. An adaptation period was determined for both
species. Subsequently, the experiment was started, and the elimination percentages obtained were as
follows: COD: 67.94 + 1.39%, 63.17 & 2.63%; TSS: 56.49 =+ 5.73%, 48.78 =+ 5.87%; N-NHy: 51.06 £ 2.16%,
50.80 £ 1.91%; TN: 44.36 =+ 5.73%, 30.59 £ 5.87%; TP: 47.00 £ 5.32%, 35.57 £ 4.06%; DO: 50.23 £ 1.61%,
47.74 £ 1.34%; and pH: 6.81 £ 0.07, 6.52 £ 0.1, for Heliconia lastisphata and Hippeastrum striatum, re-
spectively. These results demonstrate that both macrophyte species can be used for the treatment of
wastewater from the dairy industry using HSSFWs; cheese factories could be involved in the develop-
ment of constructed wetland systems to reduce the environmental impact of the industry.

Keywords: bioremediation; dairy agroindustry; whey; ornamental plants; water treatment for
contaminated river water

1. Introduction

The increase in demand for milk and dairy products, such as different types of cheese
and other by-products, has opened up important avenues for growth and development in
the communities where they are produced. Unfortunately, hand in hand with the growth,
there has been an increase in the use of water in the different production processes, and in
turn, an increase in the volume of wastewater generated both in the production process and
in the liquid waste from it [1]. The dairy industry consumes a lot of water due to raw milk
processing, equipment cleaning, milk cooling, and other processes; thus, approximately
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0.2-10 L of wastewater is generated per liter of milk processed [2]. It is estimated that 10 L
of cow’s milk can produce an average of 1 to 2 kg of cheese and 8 to 9 kg of whey [3]. Whey
produced in Mexico amounts to approximately 1 million tons, with a lactose content of
50 thousand tons and a protein content of 5 thousand tons [3].

Wastewater from the dairy industry (WDI) has specific characteristics in terms of com-
position and contaminants. These wastewater streams often have high levels of Biochemical
Oxygen Demand (BODs) ranging from 500 to 2600 mg L~!, Chemical Oxygen Demand
(COD) ranging from 2000 to 7000 mg L™}, oils ranging from 90 to 500 mg L~! (including
fats and oils), nutrients such as total nitrogen (TN) ranging from 30 to 100 mg L~! and
total phosphorus (TP) ranging from 20 to 100 mg L~!, suspended solids ranging from
200 to 1000 mg L}, including lactose and detergents. Whey, which is a by-product of dairy
production, is considered the most common type of wastewater generated by dairy indus-
tries [4]. Due to its high pollutant load, it represents a potential threat to the environment
and the ecosystem, especially when it is not properly treated and discharged into rivers [5].

In different parts of the world, mainly in developing countries, wastewater generated
by the dairy industry is a precursor to great pollution in ecosystems [6,7]. In the Mexican
context, it is crucial to consider that this situation may be more pronounced due to the
semi-artisanal production of products such as fresh cheese that produces cheese whey,
which in turn generates high concentrations of contamination [3]. This problem is clearly
evident in Veracruz, Mexico, where large quantities of dairy industry waste are generated
daily from the production of fresh and pasteurized cheese. Only in the micro-watershed
of the Naolinco River, a tributary of the Actopan River, one of the main rivers of the state
of Veracruz, located in the central mountainous area of the state of Veracruz, receives the
discharges of wastewater generated in dairy microenterprises located in the municipality
of Miahuatldn. Economic activity in Miahuatldn is particularly focused on cheese produc-
tion, with local data indicating that more than 20,000 L of milk are processed daily and
wastewater is mostly discharged into the drainage system [8].

The above generates serious damage to the ecosystem, destroying in its wake all life
that is generated in the body of water and putting life in the region at risk (Figure 1a,b).
The search for treatment technologies to solve this problem has resulted in expensive
technologies (e.g., coagulation, flocculation, electrochemical processes, and even membrane
technologies) that are not within the reach of the producers who formed a “Cluster” due to
the availability of nearby raw materials and much less from local governments. Therefore,
it is necessary to evaluate more economical and easily accessible technologies to control this
pollution that endangers life and the environmental services provided by this watershed.
Constructed wetlands (CWs) are an ecological treatment technology with low cost, ease
of use, operation, and maintenance that have proven their efficiency in the elimination
of wastewater of different types [9] and with high loads of contaminants such as swine
wastewater [10,11], landfill leachates [12,13], and industrial wastewater [14], among others.
According to Licata et al. [15], CWs are a suitable alternative for the treatment of wastewater
generated by the dairy industry since, if designed correctly, they have the capacity to
tolerate high contaminant loads and toxic substances and treat them appropriately [16].

Some recent studies have treated WDI, such as Schirano et al. [17], who treated dairy
wastewater in Sicily, Italy, through pilot-scale horizontal subsurface flow wetlands (HSS-
FWs) using Arundo donax L. and Cyperus alternifolius L. as emergent vegetation, achieving
removals of 77.8% and 61.6% for BODs and COD, respectively. Sharma et al. [18] used
pilot-scale HSSFWs planted with Typha domingensis and river gravel as a filter medium in
Santa Fe, Argentina, as tertiary treatment for effluents from a dairy factory. The authors
obtained removal efficiencies of 78.4%, 57.9%, 68.7%, 25.7%, 47.8%, and 29.9% for TSS,
BOD, COD, TKN, NO;-, and TP, respectively. In another study carried out in Dehradun,
India, Sharma et al. [19] used a hybrid constructed wetland system composed of a vertical
and horizontal wetland connected in series for the treatment of dairy farm wastewater.
They used Arundo donax L., Hibiscus esculentus L., and Solanum melongena L. as emergent
vegetation and achieved removals of 92.2%, 95%, 83.6%, and 86.1% for TSS, BOD3, total N
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and P, respectively. In addition, in Westphalen, Brazil, Pelissari et al. [20] treated the same
type of effluent in vertically and horizontally constructed wetlands planted with Typha
domingensis, managing to remove 23-59% of TN and 58-80% of NHj*.

(a) (b) (©

Figure 1. (a,b) In both images, shows the areas the discharge of wastewater from the dairy industry
(c) Wastewater intake area for treatment in constructed wetland.

The information reported on constructed wetlands for the treatment of dairy wastewa-
ter is limited, and there is no clear consensus on their correct design, use of vegetation, or
filter media, and the studies have been carried out mainly on a laboratory scale. According
to Vymazal [21], laboratory-level studies do not allow decisions to be made about the design
of the systems since the conditions are controlled and the waters are generally synthetic.
Therefore, the results do not reflect the behavior of the systems in real conditions. The
above generates the need to study these systems in real operating conditions or on a pilot
scale. This would generate knowledge to have a clearer picture of the operating conditions,
both in real weather conditions and in the face of flow and operation variations, as well as
expand the group of plants used as vegetation. In tropical climates, there are numerous
plant species that have not yet been evaluated [22]. Although some of these plants have
been evaluated for wastewater treatment, there remains an abundance of species that
have not yet been studied, especially in the context of treating rivers that are completely
contaminated by dairy and domestic wastewater.

Therefore, this study had the following objectives: to evaluate the efficiency of HSSFWs
at pilot scale planted with Hippeastrum striatum and Heliconia lastisphata for the treatment of
contaminated river waters by wastewater from the dairy industry and domestic wastewater
in tropical climates (COD, TSS, TP, TN, N-NHy), and to evaluate the capacity for survival,
adaptation, and development of the species Hippeastrum striatum and Heliconia lastisphata
in constructed wetlands that treat contaminated river waters by the dairy industry and
domestic wastewater. The results of this study are of interest to the scientific community
and decision-makers in developing countries that have similar problems with tropical
climate conditions. The inclusion of the design, construction, and supervision criteria
of these systems will allow the technology to be scaled to a solution to complex social
problems such as the contamination of rivers by this type of wastewater. Additionally,
it will be possible to establish the tolerance capacity to contaminants and survival of the
species Hippeastrum striatum and Heliconia lastisphata in the treatment of these waters.

2. Methodology
2.1. Study Area

This study was conducted at the facilities of the Technological Institute of Misantla,
Misantla campus, Veracruz, Mexico (latitude 19.560 north and longitude 96.510 west), at
an elevation of 300 m above sea level, under a humid subtropical climate with an average
annual precipitation of 2036.4 mm and an average annual temperature of 22.7 °C.
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2.2. HSSFW Design

WDI was obtained from the Naolinco River in the municipality of Miahuatlan, Ver-
acruz, Mexico, and transported to the experimental site in containers (Figure 1c), where a
sedimentation pretreatment was carried out for 48 h. The system consisted of a grease trap,
allowing for the retention of these residues before their treatment in the system. Within
each cell, 12 passive aeration tubes were placed to oxygenate the system, and enhance
removal processes, and oxygenate plant roots (Figure 2).

Grease Trap —
—  Cell 2(2x1 m)

Influent »__ Effluent2

Aireation Pipes

— Cell 2(2x1 m)
e O fl Effluent 1
0 /p/PWA

Figure 2. Isometric view of the interior of the constructed wetland for treating wastewater from

Settler

Settler waste
water

cheese factories.

The actual volume was 780,000 mL, and the flow rate (Q) was 1805mLs~ 1. A hydraulic
retention time (HRT) of 5 days was determined. A 60-day adaptation period was carried
out for Hippeastrum striatum and Heliconia lastisphata from 3 September 2020, to 3 November
2020. Subsequently, the effluent was gradually diluted with tap water to reach a 50:50 v/v
ratio, which was tolerated by both plant species. After the 2-month adaptation period for
Hippeastrum striatum and Heliconia lastisphata, the study of contaminant removal processes
began on 1 December 2020, and concluded on 15 April 2021 (a total of 136 days).

Figure 3 shows the HSSFW system for the treatment of cheese whey wastewater.
The cells were filled with red tezontle or red volcanic gravel, which is a highly porous
construction material that has excellent properties conducive to the adsorption processes
carried out in these CW systems [22]. The size of the tezontle varied from 1 to 3 mm in
diameter. In one cell, 12 individuals of Hippeastrum striatum were planted, and in the other,
12 individuals of Heliconia lastisphata, with an approximate spacing of 20 cm between each
plant (Figure 3). Each plant was numbered from left to right and from top to bottom,
starting from plant 1 (P1) to plant 12 (P12) in both the Hippeastrum striatum spp. and
Heliconia lastisphata cells. Both plant species were collected from their natural environment
in the area of Misantla, Veracruz; only healthy plants of uniform size between 15 and 20 cm
were chosen.

Figure 3. Distribution of plants in each of the cells used in the study.
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2.3. Vegetative Development

To carry out the control of plant survival and adaptation, all plants were properly
labeled and numbered. The parameters measured were: plant height, number of shoots,
number of leaves, and number of flowers. Measurements were made at the beginning and
end of the experiment. Plant height was measured using a tape measure, and the rest of
the parameters were monitored visually.

2.4. Characterization of Wastewater from the River Contaminated with Effluents from the
Dairy Industry

Table 1 shows the characterization of the river water contaminated with dairy wastew-
ater. On the other hand, Table 2 shows the characterization of the wastewater diluted with
tap water (50:50 v/v) that was deposited in the feed tank. The parameters measured were
Chemical Oxygen Demand (COD), Total Suspended Solids (TSS), Total Phosphorus (TP),
Total Nitrogen (TN), Ammonium Nitrogen (NH4-N), Dissolved Oxygen (DO), and pH.
Sampling and physicochemical analyses were carried out every 15 days.

Table 1. Parameters evaluated in the influent used in the plant adaptation process.

Parameter mgL-1
COD 14,310 + 452
TSS 1700 £ 620
TP 67 £ 16
TN 713 £ 149
Fats and Oils 192 £ 61
pH 54412

Values are given as the average + standard error (n = 48); COD (chemical oxygen demand); TSS (total suspended
solids); TP (total phosphorus); TN (total nitrogen).

Table 2. Parameters measured during the characterization of the WDI and dilution.

Parameter mgL-1
COD 4248.4 £ 49.09
TSS 264.45 +11.26
TP 473 £0.35
TN 17.16 = 1.22
N-NH4 572+0.19
pH 5.7 £ 0.05
DO 57 +£0.17

Values are given as the average + standard error (n = 48); COD (chemical oxygen demand); TSS (total suspended
solids); TP (total phosphorus); TN (total nitrogen); N-NH, (ammonium); DO (dissolved oxygen).

2.5. Statistical Analysis

Statistical analysis was conducted using Minitab software, version 17.0. The standard
error was calculated to evaluate the variables studied. The one-way analysis of variance
(ANOVA) was utilized to analyze treatment results and determine significant differences
in percent removal for each plant species using Tukey’s multiple comparison test. All tests
were conducted at a significance level of p < 0.05.

3. Results and Discussion
3.1. Vegetative Development

Both species had the capacity to adapt to and tolerate the contaminated environ-
ment of the CWs, according to all the measured parameters (Table 3). However, the
species H. striatum had a more notable development because the data obtained in this study
were similar to the data reported in the literature on the development of this species in its
natural environment.
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Table 3. Development of vegetation in the treatment of river water contaminated with whey.

= fi
=\ J*-..\\‘

Parameter ,
77 4/-!: .{_‘_‘..:;‘ .
y.ﬁ SR
Hippeastrum striatum Heliconia latisphata
Initial 158 £2.1 16.1 £25
Plant height
Final 58.3 6.2 74 + 8.7
Initial 0 0
Number of shoots :
Final 0.6 £0.5 0.3+0.5
Initial 0+0 0+0
Number of flowers -
Final 7+14 33+13
Initial 1.8+05 19407
Number of leaves B
Final 6.1+1.1 10.8 £2.7

It should be noted that this species has been little studied in wastewater treatment in
constructed wetlands. The maximum height of H. striatum was 64 cm, and its average height
at the end of the experiment was 58.3 4 6.2, which is greater than that reported by [23],
who studied the growth of this species in the soil of a horticultural farm and reported a
maximum height of 24.62 cm in a period of 60 days. This growth was believed to have
been influenced by the long HRT, since in another study with a similar HRT, plant growth
and contaminant removal efficiency were greater than in studies with a short HRT [24,25].
Furthermore, due to the tropical origin of this species, there is no real period of inactivity
in its growth and development cycle [23]. The average number of shoots was also notable
(0.6 £ 0.5), since at the end of the experiment, seven of the twelve plants initially planted
had produced a shoot. This may be due to the fact that, unlike other species, H. striatum
has high bulbiferous quality, that is, easy vegetative multiplication [26]. This species also
had early and abundant flowering. Fishchuk [27] mentions that the inflorescence in the
genus H. striatum generally varies from 2 to 13 large flowers, which coincides with the
average number of flowers in this experiment (7 &= 1.4). This abundant flowering and its
rapid vegetative multiplication could be due to the amount of nitrogen available in river
water contaminated with dairy and domestic waste since this nutrient plays a crucial role
in the reproductive phases of plants [17,20].

With respect to the species Heliconia spp., despite being a tropical ornamental species
that has already been widely studied in the treatment of various wastewaters [9,21,28], its
development in this study was not vigorous. Heliconia spp. is a species that is distinguished
by its rapid growth, reaching heights greater than one meter in its first months of growth in
its natural environment [29,30]. However, in this study, it only reached an average height
of 74 £ 8.7 cm. Costa et al. [31] report that the flowering production of this species is
usually high. In this study, although its appearance was healthy and green, the fact that
this wastewater lacked phosphorus in its composition could have affected its flowering
and plant multiplication. Since phosphorus is a basic nutrient in the development of plants,
it helps form new roots and the production of flowers [32,33].

3.2. Dissolved Oxygen and pH

Figure 4a shows the change in dissolved oxygen (DO) removal throughout the exper-
iment. Initially, the inlet DO concentration was at 5.7 + 0.17 mg L1 with a decrease at
the outlet to 2.83 + 0.09 mg L~ for Heliconia lastisphata and 2.98 + 0.1 mg L~ for Hippeas-
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trum striatum. No significant variations were found between the two species regarding
DO changes. The elevated temperatures in the tropical climate where the investigation
took place may have influenced anaerobic processes in the wetland, where the microbial
consortium is involved in the degradation of organic matter.

9 100%
o8 90%
-
27 80%
g
5 6 70%
g5 S 6%
g’ g So% e
£3 g P
S o 40% %
R’ 8 R
a 30% B
! : HEE
0 20% Faaana e e
; PR
1 16 31 46 61 76 91 106 121 136 10% 'E:::::::::::-
Time (Days) 0% e
DO
e Effluent === eliconia latisphata === Hippeastrum spp. 8 Heliconia latisphata 8 Hippeastrum spp.
(a) (b)

Figure 4. (a) Temporal behavior of DO removal, (b) Percentage of DO removal.

Previous research, such as that conducted by Vymazal and Kropfelova [34], has
indicated that systems with very low dissolved oxygen (DO) concentrations in the effluent
often experience limited nitrification, meaning that the available oxygen becomes a limiting
factor, although, in some cases, a significant reduction in ammonia levels is achieved [35].
It has also been observed that the distribution of DO is influenced by microbial activity.

A significant change (p < 0.05) in pH values was observed after treatment, with a
significant difference (p < 0.05) also noted between the two species used. The initial average
pH was 5.7 & 0.05 units and increased to values close to the neutral range in both planted
cells. The mean pH for Heliconia lastisphata was 6.81 & 0.07, and for Hippeastrum striatum, it
was 6.52 £ 0.01 (Figure 5). Reeder [36] states that wetland metabolism is defined by deep
daily fluctuations in pH and DO. It has been found that intensive plant photosynthesis
during the summer can lead to an increase in pH [37].

pH

1 16 31 46 61 76 91
Time (days)

106 121 136

—e—Effluent === Heliconia latisphata === Hippeastruimn spp.

Figure 5. Temporal pH behavior during the experiment.

3.3. Chemical Oxygen Demand (COD)

COD is an important measure for analyzing water quality. It determines the amount of
oxidant consumed during the oxidation of organic substances in a water sample [38,39].
An elevated COD indicates the presence of contaminants, especially in the food indus-
try, such as during dairy product processing [40]. In the influent, the average COD was



Water 2023, 15, 3456

8of 17

4248.4 + 49.09 mg L~! (Table 2). A significant decrease in COD concentration was noticeable
after treatment of the effluent. In the Heliconia lastisphata cell, the average value obtained was
1361.9 + 99.22, while in the Hippeastrum striatum cell, it was 1564.4 + 109.03 mg L1

The behavior of both species is shown in Figure 6a, revealing a significant decrease
(p < 0.05) in COD concentration values in both conditions. Moreover, significant differ-
ences (p < 0.001) in elimination mean efficiencies were identified among the treatments.
The highest removal efficiency was achieved in the cell planted with Heliconia lastisphata
(67.94 £ 2.27%, Figure 6b), as compared with the one planted with Hippeastrum striatum
(63.18 £ 2.42%, Figure 6b). A recent study conducted by Schierano et al. [17] used Typha
domingensis in a horizontally subsurface flow-constructed wetland, achieving a total COD
removal of 68.7%, a percentage similar to those shown in this study.

6000

)

5000

4000

COD concentration (mgL
— [5%] o
=4 =3 =3
(=3 (=3 (=3
(=] - (=]

(=]

90%
80%
70%
M S

100%

60%
50%
40%

Removal (%)

20%

e Heliconia latisphata === Hippeastrum spp.

46 6l 76 91 106 121 136 10%
Time (Days) 0%

B Heliconia latisphata 8 Hippeastrum spp.

(a) (b)

Figure 6. (a) Temporary behavior of COD removal, (b) percentage of COD removal with
different plants.

It is important to highlight that the COD concentrations observed in our study signif-
icantly exceed those reported in previous research. For instance, the reference study by
Patil & Kurhekar [41] reported an average COD concentration of 2184 4 417 mg L~1, while
Ahmed [42] found an average concentration of 954 4 86.18 mg L~! in wastewater from
the same industry. The significantly higher values we have recorded in our study indicate
a substantially greater organic pollution load. As for free-flow constructed wetlands for
cheese-whey wastewater treatment, there are few documented reports.

Specifically for COD [43], we identified removal efficiencies ranging from 55-70%
using Heliconia spp. in a tropical climate. However, in the study by Queiroz et al. [44], they
used plants such as Polygonum sp. (87.5% COD) and Eichhornia paniculata (90% COD) on
the eighth day of the experiment. Heliconia psittacorum has exhibited removal efficiencies of
48-77% [45,46], demonstrating the effectiveness of this species.

3.4. Total Suspended Solids (TSS)

The concentration of TSS in dairy effluents can vary widely, ranging from 20 to
22,000 mg L~ [47]. In the influent of our study, an average concentration of 264.45 4 11.26 mg L~
was recorded. Figure 7a illustrates its behavior throughout the experiment, highlighting that
Heliconia lastisphata exhibited the best removal at 46 days of system operation. A significant reduc-
tion in TSS concentration was observed in our effluent. The cell planted with Heliconia lastisphata
recorded average values of 114.62 + 6.9 mg L1, while the cell planted with Hippeastrum striatum
obtained values of 134.92 4 10.3 mg L~!. The implemented systems achieved a considerable
decrease in TSS levels, which was statistically significant (p < 0.05).
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Figure 7. (a) Temporal behavior of TSS removal (b) Percentage of TSS removal with different plants.

Significant differences (p < 0.001) in average removal efficiencies were observed
between the treatments. Heliconia lastisphata exhibited the highest removal efficiency
(56.49 &+ 1.39%), in contrast to Hippeastrum striatum (48.79 £ 2.63%) (Figure 7b). In the
study by Mohamed et al. [48], a significant reduction in TSS concentration in the effluent
was observed, decreasing from 1975 + 825 mg L~! to 108 + 96 mg L', achieving a higher
removal efficiency (94.6%). However, it is important to note that, unlike our experiment,
they used ferric chloride as a chemical coagulant to enhance the wastewater treatment
process. Heliconia angusta has the capacity to remove up to 81.95% of TSS [49].

It is important to note that this wetland differs in configuration and plant species
from other studies that have reported higher removal rates ranging from 30% to 99% [47].
These results are consistent with what was reported by Mohammed & Ismail [50], who
achieved TSS removal efficiencies with Canna indica in a microcosm within a range of 99.2%
to 93.4% for a similar type of water. In a laboratory-scale study that employed vertical
flow-constructed wetlands to treat dairy wastewater, Canna indica plantations achieved
TSS removal efficiency in the range of 64.2% to 74.5%. These findings underscore the
capability of constructed wetlands and the species Canna indica to enhance the quality of
dairy industry wastewater.

3.5. Total Nitrogen (TN) Removal

The results of our study reveal a significant decrease in total nitrogen concentrations
in the treated effluent (17.16 + 1.22 mg L~'). Significantly lower average TN concentrations
(p < 0.05) were observed in the cells planted with Heliconia lastisphata (9.54 + 1.14 mg L1
and Hippeastrum striatum (11.91 £ 1.03 mg L~!), demonstrating the effectiveness of con-
structed wetlands in treating wastewater with high TN concentrations. Figure 8a also
shows that Hippeastrum striatum exhibited the highest removal at 76 days from the start
of the experiment. This phenomenon can largely be attributed to predominant biological
processes in wetlands, such as microbial denitrification and nutrient uptake by plants [51].

The maximum efficiency was achieved in the cell planted with Heliconia lastisphata
(44.36 £ 5.74%), in contrast to the cell planted with Hippeastrum striatum (30.59 £ 5.87%)
(Figure 8a). During the study period, a significant decrease in TN removal efficiency
was observed in the cell planted with Heliconia lastisphata, highlighting the importance of
vegetation type in these systems to optimize nitrogen removal. However, it is also relevant
to note the influence of environmental conditions, such as temperature. Nitrogen removal
rates are likely to vary with changing temperatures, which should be considered when
designing and managing similar treatment systems in different regions [52].

The duration of hydraulic retention in these systems is essential for TN removal.
Research, such as that by Alayu and Leta [53], has highlighted that extending this period
from 1 to 5 days can significantly improve TN removal, increasing from 32.9% to 77.7%
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using Cyperus alternifolius and Typha latifolia for brewery effluents. This emphasizes the need
to consider the configuration and operation of constructed wetlands to achieve optimal
nitrogen removal performance in wastewater.

30 100%
= 25 90%
3 80%
%20 0%
£ s £ 60%
& 3
E z 50%
g 10 E 40%
s = I
z S o e
1 16 31 46 61 7691 106 121 136 10% EEEE;.E:-?:E
Time (Days) 0% A
e Effluent === Heliconia latisphata === Hippeastrum spp. El Heliconia latisphata B Hippeastrum spp.
(@) (b)
Figure 8. (a) Temporary TN removal behavior, (b) percent TN removal with different plant species.
3.6. Ammonium Nitrogen (N-NH4*) Removal
In Figure 9a, the behavior of NH4+ is observed. In the influent evaluated, an initial
concentration of 5.72 + 0.19 mg L~! was recorded. In relation to the effluent, a significant
(p < 0.05) reduction in the concentration of the analyzed parameter was observed. In the cell
planted with Heliconia lastisphata, mean values of 2.8 + 0.09 mg L.~ were obtained, while
in the cell with Hippeastrum striatum, values of 2.20 & 0.06 mg L~ were recorded. The effi-
ciency achieved in the cell planted with Heliconia lastisphata was 51.07 £ 2.17%, while in the
cell of Hippeastrum striatum, it was 50.80 £ 1.91% (Figure 9b), with no significant difference.
8 100%
f 7 90%
on
Es 80%
gs 100
g £ 0%
g’ . e
g, [ S 0%
: = <5 | ¥
G:r 2 4 é %
= 30%
£
z 20%
0
1 16 31 46 6l 76 91 106 121 136 10%
Time (Days) 0%
e Effluent === Heliconia latisphata === Fippeastrum spp. B Heliconia latisphata 8 Hippeastrum spp.
(@) (b)

Figure 9. (a) temporary behavior of removal of N-NHy+, (b) percent removal of N-NHy+ with different
plant species.

The most notable removal occurred between 46 and 121 days in the system planted
with Hippeastrum striatum, while with Heliconia lastisphata, it occurred 91 days after the
start of treatment (Figure 9a). In other studies, it has been observed that average removal
reached 73.8% during the treatment of municipal and agroindustrial wastewater over the
course of a year [31]. In a tropical environment, a study achieved an efficiency of 96% [54],
and another study using Heliconia spp. showed removals close to this study (67-87%) [55].
This could mean that the percentage of removal depends on the vegetation used.



Water 2023, 15, 3456

11 of 17

Ammonium represents an essential form of nitrogen and is formed through the am-
monification process [56]. It serves as a nutrient source for microorganisms and plants [57].
However, it can also contribute to the eutrophication of water bodies by promoting algae
growth and decreasing dissolved oxygen levels. Oxygen transfer rates through wetland
beds are a critical factor limiting treatment effectiveness [58]. To deepen our understanding
of this phenomenon, further research is essential.

3.7. Total Phosphorus (TP) Removal

Figure 10a shows the behavior of Total Phosphorus (TP) removal in the wastewater
treatment system. In the influent, concentrations of 4.73 + 0.35 mg L~! were recorded.
After treatment, a decrease in TP levels to 3.05 - 0.17 mg L ! and 2.51 = 0.2 mg L~ ! was
observed in the cells planted with Heliconia lastisphata and Hippeastrum striatum, respectively.
The decrease in TP levels was significant (p < 0.05).

9 100%
8 90%
=7 80%
Eg 70%
B :
g5 S 60%
::, 4 g so%
g3 E 40%
S, &
o 30%
=
20%
0 10%
1 16 31 46 61 76 91 106 121 136
Time (Days) 0%
Effluent Heliconia latisph Hipp um Spp- B Heliconia latisphata 8 Hippeastrum spp.
(a) (b)

Figure 10. (a) temporary PT removal behavior, (b) percent PT removal with different plant species.

The average concentration in the analyzed effluent remained at 5.72 + 0.19 mg L~
Comparable results have been reported in previous research [59], where Total Phosphorus
concentrations in the effluent reached 0.3 mg L~! with a removal rate of 98%. These results
exhibit higher efficiency compared with those obtained in the present study (Figure 10b).
However, it should be noted that variation in results may be influenced by the type of
wetland employed in the research and the use of Acorus calamus as the plant species in
the process.

In another previous study by Schierano et al. [17], systems were compared, with a
performance exceeding 88.5% efficiency compared with Phragmites australis with 71.6%.
These results outperform those obtained here (Figure 10a). In both studies, wastewater
from the dairy industry was treated. In this study, it was noted that the maximum removal
of phosphorus occurred at 121 days in systems with Heliconia lastisphata and Hippeastrum
striatum (Figure 10a). The presence of phosphorus in water can cause eutrophication, lead-
ing to algae proliferation and a decrease in water quality. Therefore, efficient phosphorus
removal is essential to maintaining water quality.

This microindustry is subject to two regulations in Mexico: the Official Mexican
Standard NOM-001-SEMARNAT-2021, which establishes the maximum allowable limits
of pollutants in wastewater discharges into national waters and assets, and the Official
Mexican Standard NOM-002-SEMARNAT-1996, which establishes the maximum allowable
limits of pollutants in wastewater discharges into urban or municipal sewer systems. Both
standards are mentioned because some companies discharge their waste directly into the
environment, while others are connected to the sewer network.

In both cases, a wastewater discharge permit is required for discharging into bodies
of water or drainage systems, depending on the specific situation. It is important to note
that although some industries are connected to the local sewer network, the network does
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not have a wastewater treatment system, resulting in direct discharges into the Naolinco
River [7].

Table 4 records the parameters of the effluent of a cheese factory in the municipality of
Miahuatlan and their comparison with the maximum permissible limits established in the
NOM-001-SEMARNAT-2021.

Table 4. Shows data the permissible limits according established by the regulations.

After Treatment with: Maximum Permissible Limits

Parameter Before Treatment .
Hippeastrum striatum Heliconialastisphata NOM-001-SEMARNAT-2021
Temperature 135°C 135°C 135°C 35°C
pH 257 16.5 16.8 6-9

TSS 226445 mg L1 213492 2114.62 60 mg L1

COD 242484 mgL~! 21564.4 21361.9 210mgL~!

Total Nitrogen 11716 mg L7} 111.91 19.54 25mg L1
Total Phosphorus 1473 mg L1 13.05 1251 15mgL~!

! complies permissible limit; 2 does not comply permissible limit.

Comparing previous studies that focus on treating wastewater from the dairy industry
using Hippeastrum spp. and Heliconia spp. is essential for comprehending the efficiency
of these treatment systems and their applicability in various settings. It is important
to acknowledge that wastewater characteristics can vary considerably with changes in
composition and pollutant load. Variables affecting treatment efficiency include suspended
solids, nutrients, and organic matter.

Utilizing Hippeastrum spp. and Heliconia spp. together in constructed wetlands has
had little research, despite its potential to enhance treatment performance. Choosing the
appropriate plant species can directly influence the system’s capacity to remove specific
contaminants. Hence, evaluating the ideal plant suited for the treatment objectives or the
presence of vegetation in the local area is crucial, as highlighted in this study.

Table 5 shows different studies that explored dairy industry wastewater treatment
and, in some instances, utilized Heliconia spp. or Hippeastrum spp.

Table 5. Comparison between previous studies that treated water from the dairy industry or used
Hippeastrum spp. or Heliconia spp.
Substrate Vegetation Type of Type of WW Type of CW Removal Site Authors
& Cultivation P M
Giant reed (Arundo Horizontal BOD 76%,
Sili itz donax L.) and bosurface fl COD 62%,
1caqua umbrella sedge Monoculture Dairy farm sub-surtace ow TN 50.70% and Sicily (Italy) [14]
river gravel constructed . . .
(Cyperus wetland microbiological
alternifolius L.) parameters 80.00%
STT 78.4%,
Horizontal BOD 57.9%,
. . . . subsurface flow COD 68.7%, Santa Fe,
River gravel Typha domingensis Monoculture Dairy factory constructed TN 25.7%, Argentina [17]
wetlands Nitrates 47.8% y
TP 29.9%
horizontal
TP: 73.2%, COD: 98%, ,
Fine gravel Typha latifolia Monoculture Industry cheese sub-surface flow N-N-NOy: 73.2%, North Italian [60]
production constructed TSS: 99 59 Apennines
wetlands e
Horizontal Ammonium 96%,
Light Expanded Typha domingensis Tertiary Nitrite 96%, Santiago del
o Monoculture . subsurface flow o
Clay Aggregate and Phragmites and polveulture treatment in constructed COD 75%, estero, [61]
(LECA) australis poly dairy Industry TSS 81.1% and Argentina
wetlands
TP 88.5%
COD 92.33%,
Stone, Gravel Phragmites australis Vertical flow TSS 86.04%,
Sand /a nd Soill and Monoculture Dairy Industry constructed Turbidity low Iran [62]
Juncaeae spp. wetlands 246-74.7 NTU,

PH low 7.83-6.86
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Table 5. Cont.
Substrate Vegetation Type of Type of WW Type of CW Removal Site Authors
8 Cultivation yP yP
i ; Vertical
Sand with Napier Grass subsurface TN 60%,
chalk, (Pennisetum . BOD71%, Los Barios,
Lo Monoculture Dairy Farm flow o e [63]
sand with iron Purpureum NHy 75%, Filipinas
constructed o
and pea gravel Schumach) COD 90%
wetlands
Vertical flow TSS 64.2-74.5%,
Grasvai;nd Canna indica Monoculture Dairy farm constructed NH4-N 29.6-56.5%, Uttall;acl;il;and, [64]
wetland P 20.5-57.8%, y
TN 99%,
NH* 99%,
Lo . emerging
Sand and Hellcoyza Spp- Ibuprofen and vertical flow contaminants Mato Grosso,
and Eichornia Monoculture . and . o . [65]
gravel crassipes caffeine free-floatin ibuprofen 97%, Brasil
p & caffeine 89%,
and
COD 90%
Ibuprofen 99.3%,
vertical COD 88.2%,
sub-surface NH4 99.1%, Bangi,
Sand and . . .
ravel Scirpus grossus Monoculture Ibuprofen flow nitrate-nitrogen Selangor, [66]
& constructed 72.9% and Malasia
wetland orthophosphate
83.2%
COD 90%,
Red volcanic Hippeastrum . vertical Tot-P 80%,
gravel and rutilum and Monoculture Fruit and subsurface TN 85% Orizaba,
. and Vegetable . [67]
RVG + Spathiphyllum Polveulture Waste flow and Polyculture Mexico
polyethylene wallisii 4 bioreactor COD, Tot-P, and
TN > 90%
Cyperus papyrus Subsurface Central
River cobble and Heliconia Monoculture Wastewater flow COD 66 /ooand Pacific Coast [68]
and gravel constructed TSS 72% .
spp. wetlands of Costa Rica
OD 50%,
STT 56.49 and 48.79%,
Heliconia COD 67.94 and
Red volcanic latisphata and . 63.18%, Misantla, This
gravel Hippeastrum Monoculture Dairy Industry HSSEW TN 44.36 and 30.59%, Veracruz research
striatum N-NH4* 51.8 and
50.80%
TP 35 and 49%

WW: Wastewater; COD: Chemical Oxygen Demand; Biological Oxygen Demand; TSS: Total Suspended Solids;
TN: Total Nitrogen; TP: Total Phosphor; CW: Constructed Wetland.

The results obtained for total phosphorus removal display relatively low values
compared with earlier studies. The findings imply that the vegetation employed in this
study may have limited capacity to effectively eliminate phosphates from dairy industry-
contaminated water. Therefore, it is necessary to investigate the possibility of utilizing
alternative local plant species, as they may exhibit superior TP removal performance,
ultimately enhancing the system’s efficiency.

Each wastewater treatment system design possesses distinct characteristics that af-
fect its efficiency, influenced by factors including substrate type, hydraulic retention
time, and local climate conditions. The optimization of these systems necessitates a
site-specific approach.

There are comparable removal percentages for Chemical Oxygen Demand in previous
research, despite variations in the employed substrate. In general, Heliconia spp. has
consistently shown the ability to treat organic-loaded wastewater in treatment systems,
as demonstrated in previous references (Table 5) [14,17,64,68]. However, studies such as
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the one conducted in [65], where Heliconia spp. was utilized, have also indicated greater
effectiveness in eliminating specific contaminants, such as ibuprofen and caffeine.

Studies that utilized two types of substrates showed greater efficiency in removing
Total Suspended Solids, Total Nitrogen, and Total Phosphates than the results obtained
in this study. Heliconia spp. showed better efficiency in reducing pollutants compared
with Hippeastrum striatum spp. This emphasizes the importance of carefully choosing
plant species for Horizontal Subsurface Flow Constructed Wetlands systems, as it can
significantly affect the treatment of dairy effluents.

To optimize the system, it is advisable to conduct further research in this area. In-
corporating a filtration system at the start of the HSSFW system can retain solid particles
and suspended organic matter, enhancing the quality of the treated effluent. Furthermore,
adding a sequence of wetland cells can offer supplementary treatment to decrease the
concentration of Chemical Oxygen Demand, a crucial indicator of the organic load found
in the effluents. Table 4 indicates that Chemical Oxygen Demand values after treatment
still exceed regulatory limits.

Evaluating HSSFW when treating contaminated water with dairy industry effluents
can promote sustainable practices in this sector. Well-designed systems can efficiently
reduce pollutant loads in effluents. However, more research is needed due to a lack of
information on treating dairy wastewater with constructed wetlands.

Moreover, this study’s findings suggest that implementing circular economy models
is vital to maximize the utilization of whey as a valuable byproduct. This strategy would
not only increase its effectiveness but also generate economic and environmental benefits.
The circular economy aims to reduce waste and its environmental impact while enhancing
the dairy industry’s sustainability by closing the loops of production and consumption and
transforming whey into new high-value products. The circular economy aims to reduce
waste and its environmental impact while enhancing the dairy industry’s sustainability
by closing the loops of production and consumption and transforming whey into new
high-value products. This approach also creates economic opportunities.

4. Conclusions

The research results indicate that Heliconia latisphata and Hippeastrum striatum can
remove contaminants found in dairy wastewater, thus enhancing its quality. However,
Heliconia latisphata proved to be more efficient in contaminant removal, while Hippeastrum
striatum exhibited better adaptation to the environment, resulting in a higher development
of flowers and roots compared with Heliconia latisphata. Despite certain parameters, in-
cluding total suspended solids and Chemical Oxygen Demand, exceeding the permissible
discharge limits established by current regulations after treatment, a reduction of over 50%
in these contaminants was achieved. This outcome may imply an improvement in the
quality of the bodies of water where the treated effluent is released.

Both plant species demonstrated exceptional survival, adaptability, and growth during
the study, indicating their potential suitability in comparable treatment systems. However,
Heliconia latisphata exhibited superior contaminant removal capabilities, while Hippeastrum
striatum maintained better environmental adaptation, resulting in a higher development of
flowers and roots compared with Heliconia latisphata. With a more extended experimentation
period, it is likely that more conclusive results could be obtained. Our findings suggest
the need for additional research that explores the same vegetation in various wetland
configurations or considers the implementation of alternative plant species from tropical
climates. This perspective aims to enhance the efficacy of contaminant removal and ensure
compliance with the quality standards established by prevailing regulations.
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