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Abstract: This study evaluates the depuration efficiency of a combined system consisting of lagoons
(with aerated and non-aerated tanks) and CWs (with Typha latifolia L.) working at pilot scale for
treating SW under two recirculation rates (RRs, 4:1 and 10:1) of the CW effluent. The combined
system removed about 99% of the total suspended solids and organic matter, and from 80% to 95%
of the total nitrogen at both tested RRs. The lagoon system was effective as a pre-treatment of SW,
particularly for nitrogen removal. It is convenient to adopt the higher RR, since nitrogen removal can
be increased by approximately 20%. The irrigation of the CWs with SW did not generally determine
the phyto-toxic effects on Typha latifolia L., except at the start of the experiment and under the lower
RR. Despite the limited spatial and temporal scale of this investigation, these results provide a starting
point for the use of V-SSF CWs to treat livestock wastewater with a high pollution potential (such
as SW).

Keywords: livestock wastewater; Typha latifolia L.; V-SSF systems; total nitrogen; COD; total sus-
pended solids

1. Introduction

The wastewater from livestock breeding farms has a heavy pollution potential for soil
and water resources [1,2]. Swine breeding farms make a significant contribution to the
production of wastewater. Swine wastewater (hereafter “SW”) consists of a blend of urine
(about 40–45 kg/day/1000 kg of animal live weight [3]); feces (about 90 kg/day/1000 kg
live weight [3]); water; residues of undigested food; antibiotics; and pathogens, as well as
water used to clean the housing sheds [4–6]. To give a rough indication, SW is characterized
by a high content of solids (total solids in the range 12.6 to 42.7 g/L), organic matter
(chemical oxygen demand, COD, between 16.1 and 56.2 g/L), and nutrients (total nitrogen:
1.5–5.2 g/L; ammonium: 0.9–4.3 g/L; and total phosphorus: 0.1–1.3 g/L) [1,3,7]. SW also
contains other organic xenobiotic substances, such pharmaceuticals [8].

Due to these physico-chemical characteristics and large production, the management
of SW can lead to severe environmental pollution [9]. Furthermore, the direct disposal of
SW can contaminate surface and ground waters, cause unpleasant odor emissions in the
air, and degrade soil quality [8,10]. In particular, the high nutrient loads in SW can have
undesirable effects on aquatic plant proliferation and the eutrophication of water bodies,
as well as direct toxicity due to the high oxygen demand in water [11].

Traditionally, SW is commonly spread to the land as fertilizer, often after lagoon
retention [12], but the nutrient loads always exceed the fertilizer requirement of crops
with alterations in the nutrient balance of soil [13]. The practice of SW land spreading
does not respect the strict rules of many countries on SW management (e.g., the so-called
“Nitrate Directive” in Europe) [14]. In other cases, the farmland for SW spreading is
insufficient [12]. Several systems have been proposed as alternatives to land spreading:
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(i) aerobic (e.g., sequencing batch reactors and membrane bioreactors) and anaerobic (e.g.,
anaerobic digesters, up-flow anaerobic sludge beds, and microbial fuel cells) biological
treatments [1,15]; and (ii) other chemical, physical, and biological systems [16,17]. However,
these treatments generally present a low efficiency, high costs, and process instability,
mainly due to the high concentration of organic matter (OM) and toxic compounds, such
as ammonia nitrogen, in SW [5,9].

Natural systems, using lagoons or constructed wetlands, may be effective for SW
treatment, due to the easy construction and cheap maintenance and operation [18–20], as
well as the efficiency of removing several contaminants, such as OM; nutrients; heavy
metals; and pathogens [16,21,22]. In general, SW is treated in anaerobic lagoons to remove
OM, while constructed wetlands are used for nutrient removal [23].

Constructed wetlands (CWs) have a low energy requirement and are compatible
with typical farm operations [24]. These systems have been used for decades to treat
municipal wastewater [25,26], but their capacity to depurate agro-industrial wastewater
and liquid livestock effluents have been recently demonstrated [24,27,28]. The results show
that CW technology is established and its application for treating these effluents is well
documented [29,30]. Regarding SW treatment, different successful experiences with CWs
are reported in the literature, for both free water surface (FWS) and subsurface flow (SSF)
types [14,27,28,31]. Most CWs treating SW are FWS systems, and only a few belong to
SSF types [32–34]. Moreover, the interest in processes occurring in vertical SSF CWs is
recent [35]. However, the COD concentrations in SW are commonly much higher than in
municipal wastewater, and the nitrogen (N) loads are always high [10,36]. Therefore, CWs
of the SSF type have to be adapted to these high concentrations of livestock effluents [37].

CWs for livestock wastewater must always be coupled with pre-treatment strategies
(e.g., filtration, lagooning, and anaerobic digestion), whose effectiveness is very important
to the constructed wetlands’ performance [23,37]. Before livestock effluents enter a CW,
oxidation and settling treatments are required to remove much of the OM, nitrogen, phos-
phorous loads, and suspended solids that can clog the soils in SSF systems [31]. Often, a
pre-treatment using lagoons (to remove the COD and total suspended solids) may increase
the depuration efficiency of CWs. For instance, an aerated lagoon can oxidize the organic
load and convert N into a nitrate, and a non-aerated lagoon can increase the settlement of
the suspended solids and the oxidation of OM without energy consumption [38,39].

Some research experiences have evaluated the depuration performance of SW pre-
treatments before CWs. Sievers (1997) [40] examined two types of CWs, SSF and FWS, to
treat effluents from an anaerobic swine lagoon system. Hunt et al. (2002) [27] investigated
the effectiveness of CWs installed downstream of an anaerobic lagoon in a swine production
facility. Shappell et al. (2007) [41] evaluated the effectiveness of a lagoon–CW combined
treatment on SW, for producing an effluent with a low hormonal activity. Villamar et al.
(2015) [23] studied the N and phosphorus distribution in a CW fed with SW previously
treated in an anaerobic lagoon.

An examination of the N content of SW shows that concentrations between 0.2 and
0.4 g/L of ammonium-N generate phyto-toxic effects on the vegetation of CWs (growth
inhibition and biomass production) [7,42]. With wetland emergent plant species (such
as, Glyceria, Carex, Typha, Schoenoplectus/Scirpus, and Juncus), the tolerance limit can be
even lower (<0.1 g/L) [43,44]. The most effective process for N removal in CWs is nitri-
fication/denitrification [7], because it converts ammonia predominantly to nitrogen [28].
Since nitrification limits the removal of N from animal wastewater, the enhancement of
denitrification is expected to increase the efficiency of CW performance [28,45].

The most common method for enhancing denitrification is wastewater recirculation
and the addition of partially-nitrified water [12,45]. It has been demonstrated that the
recirculation of partially treated wastewater increases the total N removal in CWs from
70% to 85% [46], while water addition from a nitrifying lagoon leads to 4- to 5-fold N re-
moval rates, compared to non-nitrified wastewater [12,47]. Moreover, effluent recirculation
supplies wastewater with additional oxygen for aerobic microbial activities and a microbial
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biomass that is already adapted to noticeable N levels. The availability of oxygen and
microbial mass in the CW is often a factor limiting the removal rates of organic and N
loads from wastewater [34]. However, there is little research about the N removal in CWs
for the treatment of SW [7]. Moreover, to the best of the authors’ knowledge, no studies
are available in literature about the combination of CW–lagoon processes and effluent
recirculation in the case of SW. This leaves the depuration efficiency and usability of these
methods not well understood, to date.

This study aims to address these gaps in the literature, by evaluating the depuration
efficiency of a combined system consisting of lagoons (aerated and non-aerated tanks) and
CWs (with Typha latifolia L.) working at pilot scale for treating SW under two recirculation
rates (RRs) of the CW effluent. The specific aims of the research are: (i) evaluating the OM
(measuring COD) and nitrogen removal rates of the system; (ii) assessing which of the two
tested recirculation ratios are more effective; and (iii) identifying any phyto-toxic effects
of the treated SW. The results of this study, if validated in similar environmental contexts,
can contribute to a broader applicability of the studied depuration system, supporting the
action of breeders to control the soil and water contamination by OM and nutrients in areas
with a high pollution risk.

2. Materials and Methods
2.1. Description of the Experimental System

The present study was carried out in a swine breeding farm (geographical coordinates:
38◦06′00′ ′ N, 15◦46′47′ ′ E) in Cardeto (Calabria, Southern Italy) at 1100 m a.s.l. The climate
of the area is semi-arid and belongs to the “Csb” class (“Temperate, dry summer, warm
summer Mediterranean” climate), according to Koppen, ref. [48] with cold winters and
temperate summers. The mean annual temperature and precipitation were 11.1 ◦C (max
14.6 ◦C and min 5.4 ◦C) and 1380 mm, respectively (data obtained from the weather station
of Gambarie, close to Cardeto).

The farm breeds approximately 1000 animals, and its SW is stored in a 180 m3 open
pond. The pond is filled each day after stable cleaning and emptied about once a year.

The experimental pilot plant, which was installed over a flat area close to the pond, was
a combination of lagoons and CW systems with two hydraulically independent treatment
lines, both fed by the SW previously stored in the pond. The system operated as a batch
treatment. The lagoon system of each treatment line consisted of a series of two 1000 L
tanks, supplied with 40 L/d of SW. One tank was aerated (with an air flow rate of 75 L/h)
by a fine bubble diffuser placed 5 cm above the tank bottom and fed by a blower. The
second tank was not aerated (Figure 1). Both tanks were occasionally covered against
precipitation, but the cap allowed air entry from the water surface.

The aeration system was the same as the device described by [38,39,49], in which
more details can be found. Downstream of the two tanks, a third smaller tank (which
was not aerated) allowed SW storage before the subsequent treatment. This tank acted
as a hydraulic disconnection between the two systems (lagoon and CW). Each tank was
intermittently supplied with 20 and 50 L/h of SW in eight cycles per day.

The effluent of the disconnecting tank was transferred into the CW (with a volume of
1.6 m3 and a size of 2 m × 1 m × 0.80 m) made of LDPE. The CW system was a V-SSF type,
with a distributor uniformly spreading water over the soil surface. This type of CW was
chosen due to its higher capacity to transport oxygen, compared to CWs with a horizontal
flow. Therefore, V-SSF CWs are more efficient in removing OM and ammonia-N from
wastewater through the aerobic microbial activity [34]. The CW was filled with two layers
of soil (with a total depth of 0.6 m), of which the upper layer (0.4 m) was a loamy texture,
and the bottom layer (0.2 m) was composed of gravel (diameter 5–20 mm). The upper layer
was mixed with sand (sand/soil ratio = 3:1) to increase the porosity (35%) and thus the
infiltration of SW.
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Figure 1. Photo (a) and scheme (b) of the lagoon–CW integrated system for treating swine wastewater in the experimental
plant with the input/output water flow rates displayed.

The soil in the CW was planted with cattail (Typha latifolia L., 6 plants/m2) in March
2017. This species is one of the most commonly used macrophytes in CWs beside bulrush
(Scirpus spp.) and common reed (Phragmites australis), especially in the case of livestock
water treatment [12,24].

A by-pass pipeline permitted the recirculation of the effluent in the system. More
specifically, the effluent was pumped from the final tank into the disconnection tank.
Two RRs were tested, one for each treatment line (Figure 1). The first RR was 4:1 (re-
circulated water:influent of the CW); the second was 10:1; and 160 and 400 L/h of SW
were recirculated in the two lines, respectively. These ratios were selected setting up the
theoretical total nitrogen (TN) concentration of the influent to about 0.2 (RR = 10:1) and
0.5 (RR = 4:1) g/L, close to the tolerance limits reported by [7,42]. The hydraulic loads were
220 and 100 L/d/m2 for RRs 10:1 and 4:1, respectively.

A final tank receiving the effluent was located downstream of each CW. About 15 L/d
was collected in this tank for both treatment lines (Figure 1).

The volume of SW to irrigate the plants in the CW was set according to the water
requirement, due to the evapo-transpiration (ET) rate of the cattail. Therefore, the ET was
monitored every week, measuring a third CW the water losses.
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2.2. Wastewater Sampling and Characterization

Samples of SW were collected twice a month between March 2017 and March 2019,
and immediately stored at 4 ◦C until the laboratory analysis.

The SW samples were collected: (i) in the farm storage pond (influent of the lagoon
system); (ii) in the disconnection tank (effluent of lagoon system and influent of the CW),
before the water flow mixing for recirculation; and (iii) in the final tank (effluent of CW).

The following characteristics were evaluated in the SW samples: the pH and electrical
conductivity (EC), using a Hach Lange HQ40 multi-parameter device with dedicated
probes, and the total suspended solids (TSS), after oven-drying at 105 ◦C for 24 h. Moreover,
according to the standard methods [50], the chemical oxygen demand (COD) and total
Kjeldahl nitrogen (TKN, the sum of organic nitrogen, un-ionized ammonia, and ammonium
ion) were determined. The initial values of these SW parameters measured in the farm
reservoir are reported in Table 1.

Table 1. Main parameters of swine wastewater initially sampled in the storage tank of the swine
breeding farm.

Parameter Value
(mean ± std. dev., n = 3)

pH [-] 7.40 ± 0.0
TS [%] 0.96 ± 0.0

COD [g L−1] 29.3 ± 1.01
TKN [g L−1] 1.29 ± 0.44

Notes: TS = total solids; COD = chemical oxygen demand; and TKN = total Kjeldahl nitrogen.

2.3. Statistical Analyses

The statistical significance of differences in the main parameters of SW (farm reservoir
vs. lagoon effluent vs. CW at RR = 4:1 vs. CW at RR = 10:1) and plant density in CWs
(at RR = 4:1 vs. RR = 10:1) was evaluated using Kruskal–Wallis tests (a non-parametric
alternative to the analysis of variance), followed by multiple pairwise comparisons using
Dunn’s procedure with the Bonferroni correction for the significance level for the pairwise
comparisons. To differentiate the levels of significance, a p-level lower than 0.05 was
adopted.

3. Results and Discussions
3.1. Depuration Performance of the Lagoon System

The lagoons decreased the pH (in the range of 7.48–7.86, farm reservoir, and 6.70–8.32,
effluent) and EC from the influent (13.1–21.4 dS/m) to the effluent (6.09–19.7 dS/m). This
parameter showed a noticeable temporal variability both in the influent and effluent. The
TSS concentration decreased from values of up to 19–20 g/L measured in the farm reservoir
(with a noticeable decreasing trend over time) to 0.34–1.43 g/L in the effluent (Figure 2).

After the lagoon, the COD concentration of the influent (generally with a limited
temporal variability, 36.1 to 49.3 g/L) reduced, and the removal rate increased over time.
The COD concentration in the effluent was between 8.56 and 36.3 g/L. The TKN decreased
over time in the farm reservoir (from 1.26 to 2.60 g/L), but for this parameter the removal
rate showed a low variability, reducing the N concentration from 1.04 to 1.84 g/L (Figure 2).



Sustainability 2021, 13, 12390 6 of 14

Sustainability 2021, 13, x FOR PEER REVIEW 6 of 14 
 

 

The COD concentration in the effluent was between 8.56 and 36.3 g/L. The TKN decreased 
over time in the farm reservoir (from 1.26 to 2.60 g/L), but for this parameter the removal 
rate showed a low variability, reducing the N concentration from 1.04 to 1.84 g/L (Figure 2). 

 
Figure 2. Variation of the main parameters over time of the lagoons of the integrated system for swine wastewater 
treatment (the reported values are averaged between the two lines of the lagoon system). 

3.2. Depuration Performance of the Constructed Wetland 
The SW treatment in CWs reduced the pH without significant differences between 

the tested RRs. This parameter was in the range of 6.0–8.0 for both RRs. However, the pH 
fluctuated in this range, according to the weather variations (Figure 3). 

Farm reservoir Lagoon treatment effluent

0

5

10

15

20

25

0 140 280 420 560 700

Time (d)

TS
S c

on
ce

nt
ra

tio
n 

(g
/L

)

0

10

20

30

40

50

60

0 140 280 420 560 700

Time (d)

CO
D 

co
nc

en
tr

at
io

n 
(g

/L
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 140 280 420 560 700

Time (d)

TK
N 

co
nc

en
tr

at
io

n 
(g

/L
)

0

5

10

15

20

25

0 140 280 420 560 700

Time (d)

EC
 (m

S/
cm

)

0

2

4

6

8

10

0 140 280 420 560 700

Time (d)

pH dS
/m

Farm reservoir Lagoon treatment effluent

0

5

10

15

20

25

0 140 280 420 560 700

Time (d)

TS
S c

on
ce

nt
ra

tio
n 

(g
/L

)

0

10

20

30

40

50

60

0 140 280 420 560 700

Time (d)

CO
D 

co
nc

en
tr

at
io

n 
(g

/L
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 140 280 420 560 700

Time (d)

TK
N 

co
nc

en
tr

at
io

n 
(g

/L
)

0

5

10

15

20

25

0 140 280 420 560 700

Time (d)

EC
 (m

S/
cm

)

0

2

4

6

8

10

0 140 280 420 560 700

Time (d)

pH dS
/m

Figure 2. Variation of the main parameters over time of the lagoons of the integrated system for swine wastewater treatment
(the reported values are averaged between the two lines of the lagoon system).

3.2. Depuration Performance of the Constructed Wetland

The SW treatment in CWs reduced the pH without significant differences between
the tested RRs. This parameter was in the range of 6.0–8.0 for both RRs. However, the pH
fluctuated in this range, according to the weather variations (Figure 3).

The EC declined in the CW under both RRs with a more noticeable effect (significant
at p < 0.05) at the lower ratio (from 3.48 to 2.41 dS/m, RR = 4:1, and from 2.83 to 0.96 dS/m,
RR = 10:1) (Figure 3).



Sustainability 2021, 13, 12390 7 of 14

The TSS concentration decreased (from 88.2 to 54.2 mg/L, RR = 4:1, and from 41.3 to
25.2 mg/L, RR = 10:1) for both RRs, following similar temporal trends (Figure 3), although
the differences were significant. In contrast, the removal rates of both COD and TKN were
significantly much higher in the CW, with an RR of 4:1. The higher RR reduced the COD
from 98.2 to 40.3 mg/L in the CW with an RR of 4:1, and from 39.33 to 20.84 mg/L with an
RR of 10:1. This difference was also detected for TKN, which decreased from 668 to 379
mg/L (RR = 4:1) and from 176 to 108 mg/L (RR = 10:1) (Figure 3).
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Figure 3. Variation of the main parameters over time of the constructed wetlands (at two recirculation ratios, RR) of the
integrated system for swine wastewater treatment.
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3.3. Variations in SW Parameters and the Removal of Pollutants

A separate analysis of the variability in the monitored parameters of SW in the two
treatments (lagoon or CW) shows: (i) for the pH, slight variations in the lagoon system
(by −1.89 ± 4.17%) and a greater decrease in the CW (on average 10–13%); (ii) a limited
reduction in EC in the lagoon system (−4.76 ± 14.8%), and a much greater decrease in the
CW system (−84.0 to −89.0%, RR = 4:1 and 10:1, respectively); (iii) an appreciable removal
of TSS in the lagoon system (42.4 ± 35.3%) and a very high effectiveness in the CW (close
to 100%); (iv) a limited efficiency in COD removal in the lagoon system (2.17 ± 4.88%), and,
in contrast, an extremely high removal in the CW (also, in this case, close to 100%); and
(v) a TKN removal by 31.0 ± 15.6% in the lagoon system, which increases to 72.7 ± 2.48%
(RR = 4:1) and to 92.7 ± 1.13% (RR = 10:1) in the CW (Figure 4).
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Figure 4. Variation (mean ± standard deviation) of the main parameters in the combined system using lagoons and
constructed wetlands (CW, at two recirculation ratios (RR)) for swine wastewater treatment. Standard deviation is related to
the parameter variability among the three survey dates (March 2017, 2018, and 2019). Letters indicate significant differences
among the treatments (at p < 0.05).

If this analysis is carried out for the combined system (lagoon + CW under the two
RRs), the following considerations can be derived: (i) the two RRs show a comparable
effectiveness for pH modification (−11.4 ± 3.24%, RR = 4:1, to −15.2 ± 1.83%, RR =
10:1); (ii) a higher RR is more efficient to reduce the EC of SW (−90 ± 1.73%, RR = 10:1,
against −84.2 ± 3.92%, RR = 4:1); (iii) both RRs provide an extremely high efficiency in
removing TSS and COD (close to 100%); (iv) the efficiency in TKN removal increases from
81.4 ± 2.74% to 95.1 ± 0.45%, when the RR is increased from 4:1 to 10:1 (Figure 4).

3.4. Effects of COD and TKN on Typha latifolia L. Plants

Compared to the initial density (6 plants/m2), no significant effects of SW supply
were noticed in the survival rates of Typha latifolia L. in CWs in the dry seasons (spring and
summer, 18.5 ± 1.1 ◦C) (Figure 5). In fact, no death of plants was recorded in the CW under
RR = 10:1, except 0.5 plants/m2 in the summer of 2018. In the CW under the lower RR, the
plant mortality was slightly higher in summer (especially in 2018, 1.4 plants/m2). This
plant death can be attributed to a peak in the soil N, presumably due to the excessive load



Sustainability 2021, 13, 12390 9 of 14

of the influent (0.5–0.7 g/L) from the spring to winter seasons in 2017 (data not shown).
The TKN concentrations of about 0.14–0.16 g/L in the CW with RR = 10:1 were, instead,
well tolerated by the plants.

Several plants died in the cold seasons (autumn and winter), due to vegetative senes-
cence. This plant death was particularly high in the season 2017–2018, when an extreme
frost occurred in December. After this event, the killed plants were replaced by new plants,
to restore the initial plant density.
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Figure 5. Plant density (mean ± standard deviation among the months) surveyed over two seasons in the constructed
wetlands (CW, at two recirculation ratios, (RR)) of the integrated system for swine wastewater treatment. Letters indicate
significant differences between the treatments with different RR (at p < 0.05).

4. Discussions

The evaluation of the main chemical properties of the SW treated in the combined
system using lagoons and constructed wetlands has produced important indications in
terms of depuration efficiency and, therefore, of its sustainability.

Concerning the depuration performance of the lagoon system, the decrease in the
TSS concentration due to the lagoon process is well known [51]. The presence of a non-
aerated tank promoted the activity of anaerobic bacteria, which degraded the organic
matter concentration, and this also reduced the amount of the TSS [49,52,53]. Furthermore,
the effect of aeration in the upstream tank promoted the flocculation process, due to the
accelerated bacterial activity [52].

Although the reductions in the amounts of the OM and TKN, as a result of the
lagoon system, were noticeable, the concentrations in the effluent noticeably exceeded
the accepted amount for the discharge limits permitted by the main national rules. For
example, according to the Italian environmental regulation (Legislative Decree 152 of 2006),
the concentrations of nutrients and OM were about two orders of magnitude for the limits,
equal to 20 mg/L for N and 160 mg/L for COD.

Concerning the depuration performance of the constructed wetland, the reduction in
the pH of SW, which was close to neutrality, was in accordance with Boas et al. (2018) [54],
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who worked on CWs combining H-SSF and V-SSF systems, which favor the microbial
activity of OM degradation and nutrient conversion.

The noticeable decline detected in the TSS concentration for both RRs is expected, since
TSS is the water parameter that is strongly modified by CW treatments, as a consequence
of the sedimentation, filtration, and adsorption processes that occur in CWs [33].

The COD and TKN removal in the CW were high, presumably due to the synergistic
effects of both physical, chemical, and microbial processes, also under heavy loads of OM
and nutrients, as is presented in this study. Organic and N compounds are removed in CWs
of the SSF type by a combination of adsorption, nitrification/denitrification, volatilization,
and ionic exchange [3]. Nitrification and denitrification are considered essential mecha-
nisms for N removal [1,37], having an efficiency of more than 60% [55]. According to Vidal
et al. (2018) [3], denitrification is the most effective process to remove nitrogen in CWs,
and the aerated and non-aerated treatments prior to CW in the experimental plant have
been beneficial for these processes. The aerated treatment has oxidized part of the TKN in
SW, which was converted to nitrate. The aerated treatment should have denitrified part of
this nitrate, but the remaining part was made available for denitrification in CW, which
is nitrate-limited [3,27]. The nitrification of SW before the CW enhances N removal, and
increases the nitrate available for denitrification [45]. Moreover, the absence of aeration
should have provided anaerobic bacteria that were already adapted to the denitrification
process. Denitrification is more desirable than ammonia volatilization in CWs treating
the wastewater of animal origin, since ammonia is a pollutant for atmospheric, aquatic,
and terrestrial environments through dry and wet deposition [45]. In our study, although
not being directly measured, ammonia volatilization may have been limited, due to the
pH level that was lower than eight [1,56,57], while the nitrification process should have
been presumably low, due to the limited oxygen supply from the plants. Therefore, den-
itrification may have been the dominant process in TKN removal, in close accordance
with Hunt et al. (2002) [27]. An important role in nutrient and OM removal is played by
bacteria, which create a biofilm around the soil particles, allowing the catalysis of chemical
reactions [33]. Effluent recirculation enabled the wastewater to flow repeatedly over this
biofilm, enhancing the contact between the pollutants and microorganisms [33,34].

Plant uptake helps nitrogen removal, but its influence is lower compared to the other
processes, and depends on the specific species. Plants remove ammonia nitrogen due
to the stimulation of nitrifying bacteria and the uptake of nitrogen compounds [8], but
these mechanisms seem to be marginal in many examples. Typha latifolia L. prefers slightly
acidic environments, but ammonium uptake is conditioned by its toxicity (>0.2 g/L) [23]
and COD concentrations of 0.6–0.8 g/L (that inhibit photo-synthesis and, consequently,
nutrient incorporation) [23,58], as was evident in many stages of our study. Gonzales
et al. (2009) [36] stated that the macrophyte species did not significantly contribute to the
overall efficiency of V-SSF CWs in N removal, especially in the dry season. These authors
attributed this minor contribution of plants to the high concentrations of contaminants.
In contrast, planted CWs clearly show higher efficiencies for organic compounds, with
removal efficiencies of up to 70% in wetlands planted with Typha latifolia L. compared to
60% of unplanted beds [36].

In relation to the variations in SW parameters and the removal of pollutants, the
present study has demonstrated that the CW was more efficient in removing TSS, COD,
and TKN compared to the lagoon. The lower efficiency for TSS removal in the lagoon
system compared to the CW can be attributed to the great solid content of the raw SW.
This low efficiency is close to the value of 25% experienced by Stone et al. (2004) [59] for
SW lagoon treatment in North Carolina. To increase the system ability to remove TSS, a
pre-treatment to remove further amounts of TSS in the raw SW is still necessary because
it can prevent the soils of CW from being rapidly clogged. The very high efficiencies of
the CW system in removing TSS are in close accordance with the values (97–99%) reported
by [14,33]. In the experiences of other authors, TSS removal efficiencies between 40–50% [3]
and 70–80% [35,36] were detected. Literature reports COD removal efficiencies in the range
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of 50–80% [33,35,36,60] with an extreme value of 99.5% detected by Masi et al. (2017) [14]
working in a CW combined system (as in our study). N removal varies between 60%
and 80% according to many authors [3,8,11,27,36,54], but extreme values are also reported
(10–40% [33,35] to 99% [14]). In our study, the TKN removal efficiency for the CW system
with RR = 4:1 is in the range reported by the majority of studies, and it is not far from the
optimal value of [14] in the CW with RR = 10:1.

The analysis of the depuration efficiency of the combined system (lagoon + CW under
the two RRs) suggests the adoption of an RR equal to 10:1, in order to increase the TKN
removal, while the efficiency of reducing the pH and EC, and removing the TSS and COD,
is comparable. Similar to the observations of Lee et al. (2006) and He et al. (2004) [33,34],
the effluent recirculation in the system supplies a considerable amount of oxygen in the
SW, promoting the reductions in COD and TKN. Concerning the experiences using V-SSF-
CWs systems with recirculation, He et al. (2006) [34] showed that this operation strategy
increased the average removal efficiencies of NH4-N, COD, and TSS to 62%, 81%, and 77%,
respectively, compared to the values of 36%, 50% and 49%, without effluent recirculation.
With an RR of 100%, the average removal efficiencies were 91% for COD and 96% for
TSS [61].

Regarding the effects of COD and TKN on Typha latifolia L., the irrigation of the CW
with SW effluents from the lagoon treatment did not affect plant survival in the dry season,
especially at the higher RR. In contrast, the higher plant mortality detected in the CW with
the lower RR can be attributed to a peak in the nitrogen load, which exceeded the tolerance
limits of Typha latifolia L. These limits were quantified by De los Reyes et al. (2014) [7]
between 0.2 and 0.4 g/L of NH4

+-N, which correspond to 60–80% of TKN, and therefore
the expected phyto-toxic effects may have been realistic.

5. Conclusions

This study has shown that a pilot-scale system consisting of open lagoons (with or
without aeration) and a constructed wetland with Typha latifolia L. treating raw swine
wastewater has removed about 99% of the total suspended solids and COD, and from
80% to 95% of the total nitrogen in the effluent at both tested recirculation rates (4:1 and
10:1). Both the pH and the electrical conductivity (the indirect measure of wastewater
salinity) were noticeably modified by the combined system, and reductions in the electrical
conductivity (85–90%) were detected. The lagoon system alone showed low to moderate
depuration performances (−40% of TSS, −2% of COD, and −31% of TKN removed), but
represented an effective pre-treatment of CW, particularly for the nitrogen removal.

This experience has also demonstrated the suitability to increase the effluent recircula-
tion ratio up to a value of 10:1, when high nitrogen removal rates are expected, since the
higher RR allowed the removal of about 20% more of nitrogen compounds compared to
an RR of 4:1. In contrast, the organic matter removal was not affected by an increased RR,
given the very high depuration efficiency detected at the lower RR.

The irrigation of the CWs with SW did not generally determine the phyto-toxic effects
on Typha latifolia L., except at the start of the experiment and under the lower effluent
recirculation ratio, when a peak in the soil nitrogen killed about 25% of plants.

Although this study was carried out on pilot plants and throughout a short monitoring
period (two years), the relevant results provide a starting point for the use of V-SSF CWs as
a depuration solution in highly polluting livestock wastewater (such as, SW). An upscale
of this preliminary investigation is suggested to verify the depuration performance of the
system by real-scale experiments. A more detailed analysis of the physico-chemical and
microbiological processes acting in the CW system may help to identify the most effective
mechanisms for removing the polluting compounds of SW. Moreover, the incidence of
each process that determines a mass loss (e.g., volatilization, denitrification, nitrogen plant
uptake, and hydraulic losses) on water, soil, and plants of each sub-component of the
experimental system should be quantified adopting a mass balance approach in future
research.
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