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Abstract: In this study, the physicochemical and biological contributions of different macrophytes
in horizontal sub-surface flow constructed wetlands (HSSF-CWs) to treat low-strength municipal
wastewater operated at high hydraulic loads under a sub-tropical climatic region is investigated. Out
of the four identical beds, three were planted with locally available macrophytes (P. australis, Sagittaria,
and Iris), whereas one bed was kept as a control. The beds were filled with media and operated in
parallel continuously for eight months, with increasing the surface loading rate (SLR) from 0.19 to
2.78 m day−1. The results indicate that the planted beds performed significantly (p < 0.01) better to
remove TSS (70% to 78%), BOD5 (66% to 77%), COD (59% to 75%), NO3-N (56% to 64%), NH4-N
(41% to 69%), TN (36% to 41%), and TP (44% to 61%) as compared to the unplanted bed for the same
parameters (48%, 39%, 40%, 33%, 18%, 20%, and 29%, respectively). The presence of macrophytes in
HSSF-CWs was found to be highly significant. The average relative growth rate (RGR) was observed
in the order of P. australis (0.0086 day−1) > Sagittaria (0.0061 day−1) > Iris (0.0059 day−1). When
compared to the performances of the species used, Sagittaria and P. australis produced better results
than Iris. The investigations on biomass showed that Sagittaria yielded higher production, followed
by P. australis and Iris. The proportions of uptake by the macrophytes were found to be 9.3%, 6.3%,
and 3.9% of mass N removal, and 7.6%, 5.1%, and 4.4% of mass p removal in Sagittaria, P. australis,
and Iris, respectively. This study contributes to the effective response to the environment, which
validates a major role of macrophytes and their disparate response to pollutant removal processes by
different species from municipal wastewater through HSSF-CWs.

Keywords: experimental botany; native macrophytes; municipal wastewater; sub-tropical climate;
constructed wetlands

1. Introduction

Natural processes have always been recognized as one of the best methods to clean
the water flow through rivers, lakes, streams, and wetlands in a more cost-effective and
sustainable way. When these processes, such as wetlands, are designed in an engineered
way, a variety of wastewaters such as surface run-off, domestic wastewater, industrial
effluent, and agriculture wastewater can be effectively treated to improve the water quality.
Therefore, this technology has been accepted as one of the most reliable and preferred
methods for wastewater treatment. It is a proven method to deal with a variety of polluted
waters in many parts of the world, particularly in Europe, Australia, and North American
countries [1–5]. The technology is also gaining a wide range of popularity in developing
countries such as India and its regions, where climatic conditions are favorable. The main
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advantages of the CWs are a relatively low-capital investment, high removal efficiencies,
easy to implement, and hassle-free operation and maintenance [6–8]. Additionally, CWs
can actively contribute to achieving the UN Sustainable Development Goals.

Constructed wetlands (CWs) are engineered systems designed and constructed to uti-
lize the natural functions of wetland vegetation, soil media, and their associated microbial
assemblages for wastewater treatment within a more controlled environment [9]. Based
on the water flow regime and the type of macrophytic growth, CWs may be classified
into three groups: free water surface flow CWs (FWS CWs), subsurface flow CWs (SSF
CWs), and hybrid systems [9,10]. Amongst others, the HSSF-CWs system is one of the most
common types of SSF wetland systems used in many parts of the world.

In this system, wastewater is maintained at a constant depth and flows horizontally
below the surface along the length through granular medium, macrophyte roots, and
rhizomes [11]. Generally, the substrate in this system is permanently flooded with water,
and treatment of pollutants occurs using the interconnection of various removal processes,
i.e., chemical, microbial, and physical [9,12].

HSSF-CWs have good removal in terms of solids and organic matter. Studies showed
the TSS removal in HSSF-CWs within the range of 29–80% [13–18]. Some researchers
reported the removal of BOD5 and COD in the range of 19–70% and 27–66%, respec-
tively [13,15,19–21]. However, several studies reported comparatively higher removal
of BOD5 and COD, such as 78–87% and 71–77%, respectively [16,18,22]. Similarly, the
removal of ammonium and total nitrogen was recorded with disparate figures in the pre-
vious studies. Some studies showed the removal of NH4-N and TN within the range of
16–38% [14,15,20,23,24] and 22–40% [14,20,24,25], respectively, whereas some researchers re-
ported relatively higher removal rates of NH4-N and TN within the range of
38–59% [14,16,25,26] and 45–59% [16,22,26,27], respectively. Moreover, the removal of phos-
phorus in HSSF-CWs was reported in the literature from 13% to 64% [14–16,19,20,22,23,26].

The vegetation or plants inter alia, commonly called macrophytes that are used in
the CWs, are often considered as one of the key factors for the removal of the pollutants.
Several research studies on the role of macrophytes in the wetland system have been carried
out [28–31]. Most of the studies have shown that the planted beds have produced higher
removal efficiencies than the non-planted beds in the removal of suspended solids, organics,
and nutrients [8,32,33]. Studies have also proved that the main processes are enhanced
by the presence of macrophytes, including filtration and sedimentation by root structures,
microbial decomposition of pollutants due to oxygen transported to the root zone, and
their capacity for nutrient uptake [5,34,35]. However, there are contrasting findings by
some of the researchers. The literature suggests that the presence of the macrophytes has
no significant effect on the treatment performance of the wetlands [36–39]. In some cases,
a small improvement existed for the removal of organics and a measurable enhancement
was exhibited in the removal of nutrients with vegetated beds [40,41].

Studies have also shown that the presence of macrophytes is more important than
the selected species planted in the wetlands for the remediation of pollutants. Calheiros
et al. [23] and Carballeira et al. [42] discussed in their findings that different species used
in their experimental beds have not had an effect on the removal efficiencies for organic
matter and nutrients. However, few researchers demonstrated higher removal efficiencies
on the use of different species [34,43,44]. The above findings are contrary to each other, and
therefore further study is warranted to investigate the effectiveness of the macrophytes in
their presence and the type of species.

Most of the previous studies have investigated the role of macrophytes operated at
relatively lower hydraulic loads. Therefore, this paper presents the outcomes of a study
that assessed the physicochemical and biological contributions of P. australis, Sagittaria, and
Iris in HSSF-CWs to treat low-strength municipal wastewater operated at high loading
rates in sub-tropical climatic conditions, which prevail in the northern plains of India.
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2. Materials and Methods
2.1. Description of the Pilot Set-Up

The existing pilot set-up installed in the Department of Civil Engineering, Aligarh
Muslim University, Aligarh (28◦10′ N and 78◦36′ E), Uttar Pradesh, was used for this study.
The region of the study site falls within the sub-tropical conditions. The average rainfall
intensity in this area is 640 mm and the temperatures ranges in between 20 ◦C and 41 ◦C in
summer, and 7 ◦C and 13 ◦C in the winter season [45]. The study presented in this paper
was started in October 2018.

The pilot set-up comprises a sedimentation tank of 750 L capacity, followed by the
pilot wetlands. The influent wastewater was the combination of the effluent from a septic
tank and the wastes from the departmental buildings, which is similar to the nature of the
domestic wastewater accompanied by the discharge from the laboratories. The collective
mixed wastewater was fed into a holding tank employing an electric pump and delivered
to wetland beds by gravity. A slope of 1% was provided along the flow direction from the
inlet to the outlet of all beds. All the beds were constructed with brick masonry works with
leakage-proof plaster at the inner and outer walls. The four parallel beds have the same
dimensions and substrate media but different macrophyte species. Each bed (1.8 × 0.6 ×
0.6 m) was filled with washed dual-gravel media having a combined porosity of 38.5%,
containing an upper layer of fine gravel (size: 6–10 mm, depth: 0.3 m, porosity: 0.40) and
a lower layer of coarse gravel (size: 16–20 mm, depth: 0.3 m, porosity: 0.37) (Figures 1
and 2). The porosity of each media layer was calculated by obtaining the displaced amount
of water to a known-volume container when filled with the used media up to the top level.
The ratio of the displaced amount to the total volume of water represented the porosity of
the media.
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Figure 1. Schematic section of the planted (a) and unplanted (b) beds of HSSF-CWs.

Out of four beds, three were planted with locally available macrophytes, namely,
Phragmites australis (W1), Sagittaria sagittifolia (W2), and Iris spp. (W3), whereas one bed was
kept as unplanted and used as a control (W4) (Figure 2). The saplings of each macrophyte
of 12–16 cm high had a macrophyte density of 11 macrophytes per meter square. Initially,
up to the maturation level, macrophytes were irrigated with tap water to support the
macrophyte growth.
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Figure 2. Profile photo of the four beds of HSSF-CWs: W1 (P. australis), W2 (Sagittaria), W3 (Iris), and
W4 (Control).

The wastewater was applied continuously on each bed at the hydraulic loading rates
of 0.19, 0.56, 1.11, and 2.78 m day−1 for eight months (each load for two months). The
corresponding hydraulic retention times (HRTs) were 29.94, 9.98, 4.99, and 2 h, respectively.
The hydraulic loading rate in each bed was measured from the average flow rates at
the inlet and outlet using a measuring cylinder, stopwatch, and plastic collecting bottle.
The theoretical HRT of the beds at different hydraulic loading rates was estimated by
Equation (1):

HRT (day) =
η× L ×D× W

Q
(1)

where L, D, and W are the length, depth, and width of the beds in meters, η is the porosity
of the used media, and Q is the flow of water in m3 day−1.

2.2. Monitoring and Analyses
2.2.1. Wastewater Monitoring and Analysis

Wastewater sampling was performed continuously from influent and effluent of the
different HSSF-CWs beds at a frequency of twice per week for eight months (February–
September 2019). On-site parameters pH, dissolved oxygen (DO), and temperature were
measured directly by grab sampling by using the probe-based HACH instrument (HQ40 d).
The parameters including total nitrogen (TN), total phosphorus (TP), and nitrate nitrogen
(NO3-N) were determined by Spectrophotometric methods 10,072, 10,210, and 10,049,
respectively, by using the HACH DR 6000. The analysis of 5-day biological oxygen demand
(BOD5), chemical oxygen demand (COD), total suspended solids (TSS), and ammonium
nitrogen (NH4-N) was performed as per the Standard Methods [46].

2.2.2. Macrophyte Monitoring and Analysis

The macrophyte heights were measured monthly for twelve months (October 2018–
September 2019) and the corresponding relative growth rate (RGR) was calculated to
describe the growth condition of P. australis, Sagittaria, and Iris. The length of stems was
measured using tape by taking one arbitrarily chosen shoot from the inlet, middle, and
outlet of each bed, and selected shoots were assigned a particular number code. The
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macrophytes were visually checked weekly on a regular basis. The relative growth rate
(RGR) was calculated by Equation (2):

RGR = (In H2 − In H1)/( T2 − T1) (2)

where W1 and W2 are the average macrophyte heights in cm at time T1 and T2 in days [47].
All the macrophytes in the HSSF-CWs beds (WI, W2, and W3) were excavated at the

end of the whole study. To obtain dry weight, the biomass of aboveground (top, leaves and
stem) and belowground (bottom, roots and rhizomes) were separated. The corresponding
fractions of samples were sorted and washed to remove attached sediments, and carefully
rinsed in the laboratory with distilled water, and later on dried in an oven at 70 ◦C until a
constant weight was obtained. All dried samples were grounded individually and passed
through a 70-mesh screen (0.21 mm size). Then, the samples were digested and analyzed for
TN and TP content according to the methods of Lindner [48] and Fiske and Subbarow [49],
respectively.

2.3. Evaluation of Monitored Data

All the data analyses were performed using Microsoft Excel XP version 2016 and
OriginPro version 2018b (OriginPro, Northampton, Massachusetts, USA). To investigate
the difference between planted and unplanted HF-CWs and the effectiveness of the macro-
phytes, one-way analysis of variance (ANOVA) at a 95% significance level was used,
reported as not significant at p > 0.05, significant at p < 0.05, and highly significant at
p < 0.01.

Pollutant removal performance was calculated from Equation (2). The dry biomass
produced per unit area and the nutrient concentrations in the macrophyte were determined
as an average of all the samples. Macrophyte uptake or nutrients’ accumulation for N and
p were estimated from Equation (3) by multiplying the total dry biomass of the system by
the specific ratio of nutrients per dry biomass:

(%)R =
(Ci−Ce)

Ci
× 100 (3)

Ntotal = DW × C (4)

where R is the percent of pollutant removal, Ci is the influent concentration (mg/L), Ce is
the effluent concentration (mg/L), DW is the dry biomass of macrophytes (kg DW/m2), C
is the mean content of N or p in the macrophytes (mgN/g DW or mgP/g DW), and N is
the nutrient uptake content by the biomass of macrophytes (g/m2).

3. Results and Discussion
3.1. Characteristics of Influent and Effluent Wastewater

Each bed was continuously loaded with the real wastewater during the whole study
period with four different surface loading rates, increasing as 0.19, 0.56, 1.11, and 2.78 m
day−1. Each load was operated for a period of two months. Figure 3 shows the variation
in the loading rates of influent with mean and standard deviations. The high fluctuation
in the organic loading rate was observed due to increasing the surface loading rate. The
loading rate to the beds ranged to 28.5–910.9 g TSS m−2 day−1, 7.2–190.6 g BOD5 m−2

day−1, 18.5–438.2 g COD m−2 day−1, 0.2–7.1 g NO3-N m−2 day−1, 1.5–65.6 g NH4-N m−2

day−1, 3.3–100.0 g TN m−2 day−1, and 0.4–7.1 g TP m−2 day−1. Most of the total influent
nitrogen (mean value 29.6 g m−2 day−1) was in the form of ammonium nitrogen (18.8 g
m−2 day−1).
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Table 1 shows the mean characteristics of wastewater concentrations with standard
deviations in influent and effluent for water quality parameters in different HSSF-CWs
(W1, W2, W3, and W4). During the whole study period, the pH of influent ranged between
6.3 and 9.8, with an average of 7.7, showing nearly neutral nature. The effluent pH in
planted beds (W1, W2, and W3) showed significant differences (p < 0.05) as compared to
the influent pH. However, the effluent pH in the unplanted bed (W4) showed insignificant
differences (p > 0.05). The fluctuation of temperature in influent ranged between 11.4 and
41.8 ◦C during the whole study period, with an average temperature of 29.0 ◦C (Table 1).
DO concentration in influent was observed between 0.74 and 3.41 mg/L, with an average
of 1.40 mg/L during the whole study period. The effluent DO from all beds showed
insignificant differences (p > 0.05), however effluent DO values were slightly higher than
influent values. It may be due to higher organic loads that require more DO because the
oxygen released by the macrophyte’s root has been fully utilized by microorganisms in the
biological process.

The mean concentrations with standard deviation in influent and effluent of the HSSF-
CWs beds are shown in the table. The fluctuation in influent and effluent concentrations of
TSS, BOD5, COD, NO3-N, NH4-N, TN, and TP in different beds can be seen in Figure 4.
During the whole study period, HSSF-CWs received high fluctuations in inlet concentra-
tions for TSS (147.9–330.9 mg/L), BOD5 (38.7–68.6 mg/L), COD (93.9–160.9 mg/L), NO3-N
(0.88–2.79 mg/L), NH4-N (6.9–23.6 mg/L), TN (16.3–36.0 mg/L), and TP (2.13–6.48 mg/L).

3.2. Removal of Solids

The results of the performance of different beds for water quality parameters are
shown in Table 1. The TSS concentration before and after treatment and the removal rates
of different beds showed high fluctuation (Figures 4 and 5). The level of TSS concentration
in all beds decreased significantly (p < 0.01) from influent to effluent. The planted beds
(70–83%) showed a significantly (p < 0.01) higher removal of TSS when compared to
the unplanted bed (48%) (Tables 1 and 2). This may be attributed to the fact that the
macrophytes’ rooting biomass provided more effective TSS filtration and complimentarily
contributed to microbial degradation of the organic portion of TSS [36].
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Table 1. Mean influent and effluent concentrations of pollutants with standard deviations and
removal efficiencies in W1, W2, W3, and W4 (mean ± SD, n = 100).

Parameter Influent
WI W2 W3 W4

Effluent RE % Effluent RE % Effluent RE % Effluent RE %

TSS 259.1 ± 49.75 *
(148–331) #

55.84 ± 13.13
(37–101) 78 41.7 ± 15.23

(10–87) 83 73.79 ± 13.92
(48–96) 70

130.73 ±
19.95

(85–189)
48

BOD5
51.07 ± 5.23
(38.7–68.6)

11.61 ± 5.07
(3.2–28.27)

77 11.81 ± 5.08
(4.55–27.65) 77 17.34 ± 5.109

(8.45–31.92) 66 30.68 ± 8.08
(20.11–52.69) 39

COD 123.4 ± 13.76
(94–161)

31.38 ± 6.66
(16–49) 74 30.12 ± 7.41

(14–49) 75 50.21 ± 7.75)
(35–69) 59 73.13 ± 15.51

(42–108) 40

NO3-N 1.74 ± 0.42
(0.88–2.79)

0.68 ± 0.25
(0.24–1.38) 61 0.62 ± 0.25

(0.10–1.34) 64 0.77 ± 0.28
(0.23–1.36) 56 1.17 ± 0.37

(0.41–2.12) 33

NH4
+-

N
15.84 ± 3.84

(6.9–23.6)
4.97 ± 1.74
(1.5–10.3) 66 4.58 ± 1.85

(1.1–10.7) 69 8.97 ± 1.91
(4.3–15.4) 41 12.95 ± 3.10

(5.6–20.8) 18

TN 25.16 ± 4.14
(16.3–36)

14.54 ± 3.56
(6.6–23.7) 41 14.70 ± 4.04

(5.2–25.10) 41 16.00 ± 4.35
(6.6–27.4) 36 19.96 ± 3.90

(11.60–31.10) 20

TP 4.20 ± 0.93
(2.13–6.48)

2.07 ± 0.53
(1.09–3.23) 50 1.63 ± 0.52

(0.69–3.00) 61 2.34 ± 0.61
(1.02–3.78) 44 2.96 ± 0.71

(1.36–4.39) 29

pH 7.68 ± 0.67
(6.28–9.76)

7.58 ± 0.63
(6.1–9.58) - 7.68 ± 0.62

(6.12–9.21) - 7.75 ± 0.62
(6.52–9.89) - 7.75 ± 0.62

(6.60–9.93) -

DO 1.40 ± 0.41
(0.74–3.41)

1.45 ± 0.49
(0.56–3.42) - 1.46 ± 0.53

(0.58–3.46) - 1.45 ± 0.48
(0.63–3.28) - 1.28 ± 0.45

(0.34–3.25) -

T 29.01 ± 5.98
(11.39–41.78)

28.66 ± 6.87
(9.90–41.34) - 28.50 ± 6.93

(7.10–41.56) - 28.52 ± 6.91
(7.10–41.56) - 28.86 ± 6.25

(11.39–41.79) -

* Mean (average) values with standard deviation; # Min and max values of pollutants concentration; RE: removal
efficiency (%). TSS: total suspended solids; BOD5: 5-day biological oxygen demand; COD: chemical oxygen
demand; NO3-N: nitrate nitrogen; NH4

+-N: ammonium nitrogen; TN: total nitrogen; TP: total phosphorus; DO:
dissolved oxygen; T: temperature. All the values are in mg/L except pH and temperature (◦C).

The comparison among the species showed significant differences (p < 0.01) in the
order of the beds planted, with Sagittaria (83%) > P. australis (78%) > Iris (70%). This
may be attributed to the denser rooted biomass cover provided by the macrophytes. The
unplanted bed obtained a significant amount of TSS reduction, which may be attributed to
sedimentation and filtration processes. Low-porosity gravel media is effective for filtration
as it filtered and trapped the solids in the wetland system to allow better removal [50].

In this study, the planted beds produced higher TSS removal than in previous re-
search [13,14,17]. However, Katsenovich et al. [27] studied similar wetlands planted with
Brachiaria and reported higher TSS removal (87%) than in the present study, which may
be attributed to the lower surface loading. The highest removal (83%) obtained from this
study in W2 is in agreement with other researchers [19,20], who reported almost the same
TSS removal (82%) for the same wetland system. From the present results, it was revealed
that the presence of macrophytes and types of species play an essential role in the reduction
of solids; however, the presence of macrophytes had more of an effect than the choice
of species.
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and after the treatment in different HSSF-CWs.

3.3. Removal of Organic Matter

Mean concentrations with standard deviations of the influent and effluent and their
fluctuations in the different beds can be seen in Figure 4 and Table 1. All the beds showed
significant differences (p < 0.01) between the level of organic concentration in the inlet
and the outlet. The planted beds obtained a significantly (p < 0.01) higher removal of
BOD5 and COD than the unplanted bed (Table 2). The removal rates of BOD5 and COD
ranged from 66% to 77% and 57% to 75% in the planted beds and 39% and 40% in the
unplanted bed, respectively (Table 1). This indicated that the possible positive influence of
macrophytes on organic matter removal may be attributed to the biological degradation
of organic matter due to the increased oxygen supply by the rooted biomass as compared
to the unplanted wetland. Additionally, the beds planted with P. australis and Sagittaria
obtained significantly (p < 0.01) better performance than Iris in terms of BOD5 and COD.
This may be attributed to the large number of adventitious root systems. However, there
was no significant difference (p > 0.05) observed between the beds planted with P. australis
and Sagittaria (Table 2).
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Table 2. One-way analysis of variance (ANOVA) check for the influence of different macrophytes on
the removal efficiencies of pollutants during the whole study period in HSSF-CWs.

Pollutant
ANOVA Test (p-Value)

p vs. S p vs. I S vs. I p, S and I p vs. C S vs. C I vs. C

TSS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
BOD5 0.7639 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
COD 0.2491 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

NO3-N 0.0490 0.0000 0.0000 0.0001 0.0000 0.0000 0.0000
NH4-N 0.1865 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

TN 0.9088 0.0138 0.0200 0.0208 0.0000 0.0000 0.0000
TP 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

p: P. australis; S: Sagittaria; I: Iris; C: control.

From the results, it was indicated that P. australis and Sagittaria provided more aerobic
as well as filtration facilities than Iris for better removal of organic matter. The removal
rates from the present study for BOD5 and COD (57–77%) are in agreement with those of
other researchers [19,20,22], who reported 58–78%, and higher than those of some previous
studies [15–27], where they were reported within a range between 38% and 62%.

The findings of this study revealed that the presence of the macrophytes and their
choice play a significant role in the removal of organic matter. However, the type of species
in the wetland system had less of an effect than that of its presence.

3.4. Removal of Nitrogen

The ammonification, nitrification, denitrification, microbial degradation, adsorp-
tion, volatilization, and uptake are the main processes involved in the removal of ni-
trogen [6,51,52]. However, in HSSF-CWs systems, nitrification/denitrification processes are
mainly responsible for nitrogen removal [53]. The volatilization process can also remove the
ammonium nitrogen if a higher pH (>9) is available in the wetland system [16]. However,
in this study, the average pH was measured as 7.7.

During the whole study period, it was observed that the nitrogen (NO3-N, NH4-N,
and TN) concentration was significantly different (p < 0.01) from influent to effluent. The
removal efficiencies of nitrogen in individual beds can be seen in Table 1 and Figure 5.
The removal rates of NO3-N, NH4-N, and TN in planted beds were 56–64%, 41–69%,
and 36–41%, respectively, whereas in the unplanted bed they were 33%, 18%, and 20%,
respectively. All the planted beds performed significantly (p < 0.01) better when compared
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with the unplanted bed for the removal of NO3-N, NH4-N, and TN, indicating that the
positive effect of the macrophytes may be attributed to the increased oxygen provided by
rooted biomass as compared to an unplanted wetland. The comparison among the species
demonstrated a significant difference (p < 0.05), where P. australis and Sagittaria exhibited
better removal compared to Iris, which may be due to the large number of adventitious
rooted biomass. However, Sagittaria and P. australis demonstrated no significant differences
(p > 0.05) between them for the removal of nitrogen.

The results obtained in this study were within the range reported by Tanaka et al. [13]
and Li et al. [54] for NO3-N (39–65%) and NH4-N (32–75%), and almost similar to the
researchers who reported 40% removal of TN [14,25]. However, higher TN removal
(51%) was reported by Jozwiakowski et al. [26], which may be due to the relatively lower
organic loads.

The results revealed that macrophytes play an essential role in the wetland system for
the abatement of nitrogen from wastewater. The selection of appropriate species can also
significantly improve the nitrogen removal.

3.5. Removal of Phosphorus

The mechanism of phosphorus removal mainly included the macrophyte uptake,
adsorption, and precipitation, in which the macrophytes’ growth is responsible for up to
10% removal of phosphorous [52,55]. The fluctuation in influent and effluent TP concentra-
tions can be observed in Figure 1. The TP concentration in all beds was demonstrated as
significantly different (p < 0.01) from influent to effluent throughout the study period. TP
removal demonstrated significant differences (p < 0.01) between planted and unplanted
beds (Table 2). It indicated a possible positive effect of macrophytes that may be attributed
to their uptake. Moreover, the comparison among the species also demonstrated significant
differences (p < 0.01), presenting the TP removal in the order of Sagittaria (61%) > P. australis
(50%) > Iris (44%) (Table 1). However, the unplanted bed achieved a sufficient amount of TP
reduction (29%), which may be attributed to adsorption by substrate media and partly by
precipitation. The results revealed that the presence of macrophytes and their appropriate
selection play an important role in the reduction of phosphorus.

3.6. Plants Analysis
3.6.1. Macrophytes’ Growth

Usually, the macrophytes’ growth is considered very essential in the contribution of
the removal of organic matter and nutrients in the treatment processes. All the macrophytes
were fed with tap water for one month for their growth and then fed with diluted real
wastewater over three months for acclimatization. At the start of the study, the shoots’
density of macrophytes was 11 shoots/m2. The increment in the number of shoots was
recorded mainly due to the availability of nutrients in wastewater. The progressive increases
in densities of macrophytes were recorded with time, from 11 to 87 shoots/m2 for P. australis,
11 to 47 shoots/m2 for Sagittaria, and 11 to 61 shoots/m2 for Iris. This was mainly attributed
to available space and nutrients to grow in the newly established wetlands.

In all planted beds, each macrophyte (P. australis, Sagittaria, and Iris) grew well in
dual-gravel media-based HSSF-CWs when loaded with the real wastewater and produced
a dense macrophyte cover with large biomass. Figure 6 shows the monthly changes in
macrophyte heights with corresponding relative growth rates (RGR). All species followed
the trend of gradually increasing in height and decreasing in RGR with the passage of time
during the entire period. P. australis grew significantly (p < 0.05) much faster than other
macrophytes and reached a maximum height of 287 cm, from 16 cm.

The corresponding RGR was also observed as optimum and decreased from 0.0157
to 0.0023 day−1. The maximum height of Sagittaria (99 cm) was recorded higher than Iris
(76 cm). The RGR of Sagittaria was observed higher than Iris during the growing period
October 2018 to February 2019, whereas Iris showed higher values of RGR for the growing
period March–September 2019 (Figure 6). The RGR values were recorded as 0.0010–0.0138
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and 0.0014–0.0112 day−1 for Sagittaria and Iris, respectively. The highest average relative
growth rate was observed in P. australis, followed by Sagittaria and Iris, presenting the
values 0.0086, 0.0061, and 0.0059 day−1, respectively.
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3.6.2. Biomass Production and Uptake Capacity

After harvesting the macrophytes at the end of the study, Sagittaria yielded the highest
dry biomass (9.25 kg DW/m2), followed by P. australis (5.89 kg DW/m2) and Iris (5.37 kg
DW/m2) (Table 3). The aboveground and belowground biomass amounted to 4.27 and
1.62 kg DW/m2 for P. australis, 5.47 and 3.78 kg DW/m2 for Sagittaria, and 1.91 and 3.46 kg
DW/m2 for Iris, respectively (Figure 2). From the results, the R/S (root/shoot) ratio (1.8)
for Iris indicated high underground biomass, however, Sagittaria and P. australis showed
R/S ratios less than one, indicating higher biomass aboveground. Sagittaria significantly
(p < 0.05) outperformed P. australis and Iris. The biomass yield from these species was
higher than the figures reported by Ennabili et al. [3] (2–3 kg DW/m2), Konnerup et al. [53]
(3.13 kg DW/m2), and Vymazal [56] (0.79–5.1 kg DW/m2). Abou-Elela et al. [57] reported
a biomass yield of 4.46–5.18 kg DW/m2, which was lower than that in the present study
for Sagittaria and almost near that of P. australis and Iris.

Figure 7 provides a comparison of TN and TP accumulation ability of different macro-
phytes in HF-CWs beds after harvesting. The average N content in P. australis, Sagittaria,
and Iris for the aboveground and belowground parts was found to be 34.47 and 27.28 mg/g,
31.69 and 29.95 mg/g, and 21.32 and 18.43 mg/g, respectively (Table 3). Similarly, p content
was 5.26 and 4.89 mg/g, 6.38 and 5.97 mg/g, and 4.39 and 4.13 mg/g, respectively. N and
p accumulations in aboveground and belowground for the macrophytes can be seen in
Table 3 and Figure 7. The root system of P. australis and Sagittaria showed higher N and
p accumulation than the shoot system, however, Iris showed the opposite. The highest
N and p accumulation was recorded in Sagittaria (287.17 and 57.43 g/m2), followed by P.
australis (193.31 and 30.68 g/m2) and Iris (104.39 and 22.85 g/m2), respectively. N and p
accumulation in aboveground biomass of macrophytes in this study were higher than that
in another study, which reported the accumulation of 5.3–58.7 and 0.7–5.5 g/m2, respec-
tively [58]. These results are in line with those of Angassa et al. [31], who reported N and p
accumulation in aboveground biomass of 8.6–1376.0 and 2.3–324.0 g/m2, respectively.
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Table 3. Contribution of macrophyte uptake to nutrient removal in HSSF-CWs. 

Parame-

ter 

Wetland 

Bed 

Influent 

(g/m2) 

Effluent  

(g/m2) 

Aboveground Biomass Belowground Biomass 
Total N 

(g/m2) 

Others 

(g/m2) 

Macrophytes 

Uptake 

(%) 
DM C N  DM  C  N  

TN 

W1 7113.19 4183.98 4268.63 34.47 147.14 1618.10 27.28 44.14 193.31 2737.90 6.3 

W2 7113.19 4211.68 5467.42 31.69 173.26 3783.37 29.95 113.31 287.17 2614.34 9.3 
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Table 3. Contribution of macrophyte uptake to nutrient removal in HSSF-CWs.

Parameter Wetland
Bed

Influent
(g/m2)

Effluent
(g/m2)

Aboveground Biomass Belowground Biomass Total N
(g/m2)

Others
(g/m2)

Macrophytes
Uptake

(%)DM C N DM C N

TN
W1 7113.19 4183.98 4268.63 34.47 147.14 1618.10 27.28 44.14 193.31 2737.90 6.3
W2 7113.19 4211.68 5467.42 31.69 173.26 3783.37 29.95 113.31 287.17 2614.34 9.3
W3 7113.19 4572.52 1911.61 21.32 40.74 3458.91 18.43 63.75 104.39 2436.28 3.9

TP
W1 1171.26 584.81 4268.63 5.26 22.45 1618.10 4.89 7.91 30.68 555.77 5.1
W2 1171.26 456.09 5467.42 6.38 34.88 3783.37 5.97 22.59 57.43 657.74 7.6
W3 1171.26 655.32 1911.61 4.39 5.23 3458.91 4.13 14.29 22.85 493.09 4.4

DW: Dry weight (g/m2); C: Mean nutrient concentration in macrophytes biomass (mg/g); N: Amount of nutrient
uptake by the macrophytes (g/m2); Others: Amount of nutrient removal due to adsorption by substrates and
microbial processes, calculated by subtracting the amount of nutrients removed by the macrophytes from the total
amount removed in the system.

An analysis of TN and TP mass balance was conducted for the different planted HSSF-
CWs throughout the study (Table 3). The total influent load to each bed was 7.11 kg/m2

for TN and 1.17 kg/m2 for TP. TN and TP effluent by drainage was 4.18 and 0.58 kg/m2

for W1, 4.21 and 0.46 kg/m2 for W2, and 4.57 and 0.66 kg/m2 for W3, respectively. Total
net accumulation was evaluated by multiplying the TN or TP content of macrophytes with
the entire dry biomass at the end of the experiment. The net total macrophyte uptake
was 193.31 g N/m2 and 30.68 g p/m2 in P. australis, 287.17 g N/m2 and 57.43 g p/m2 in
Sagittaria, and 104.39 g N/m2 and 22.85 g p/m2 in Iris (Table 3 and Figure 7).

TN loss due to microbial nitrification, denitrification, and substrate physical sorption
in HF-CWs beds was estimated at 2.74 kg/m2 for W1, 2.61 kg/m2 for W2, and 2.43 kg/m2

for W3. Loss of TP due to microbial assimilation and main substrate physical sorption
was 0.56, 0.66, and 0.49 kg/m2 for W1, W2, and W3, respectively. The comparison of
macrophyte uptake for N and p with mass removal obtained in the planted beds during
the entire experiment (Table 3) indicates that the uptake by Sagittaria was the highest,
accounting for 9.3% of mass N removal and 7.6% of mass p removal. The proportion of
uptake was 6.3% of mass N removal and 5.1% of mass p removal by P. australis and 3.9% of
mass N removal and 4.4% of mass p removal by Iris.
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4. Conclusions

Based on eight months of regular monitoring and investigation on the effect of the
presence of macrophytes and their impact on the removal of contaminants from low-
strength municipal wastewater in the horizontal sub-surface flow constructed wetland, the
following conclusions were drawn:

• The planted beds demonstrated significantly (p < 0.01) higher removal of TSS (70–78%),
BOD5 (66–77%), COD (59–75%), NO3-N (56–64%), NH4-N (41–69%), TN (36–41%),
and TP (44–61%) as compared to the unplanted bed, which showed the removal of
48%, 39%, 40%, 33%, 18%, 20%, and 29%, respectively.

• All species showed significant differences (p < 0.05) throughout the study. P. australis
and Sagittaria exhibited better performance than Iris. Sagittaria performed better than
P. australis in the removal of TSS, NO3-N, and TP, however, for BOD5, COD, NH4-N,
and TN, no significant differences (p > 0.05) were found.

• The highest biomass production was found in Sagittaria (9.6 kg DW/m2), followed
by P. australis (5.9 kg DW/m2) and Iris (5.4 kg DW/m2). Total N and p accumulation
were recorded in the order of Sagittaria (287.2 and 57.4 g/m2) > P. australis (193.3 and
30.7 g/m2) > Iris (104.4 and 22.9 g/m2), respectively. The contributions due to uptake
of Sagittaria, P. australis, and Iris to mass N and p removal were 9.3% and 7.6%, 6.3% and
5.1%, and 3.9% and 4.4%, respectively. Macrophyte species demonstrated significant
differences (p < 0.01), showing the effectiveness in the production of biomass and
nutrient accumulation in the order of Sagittaria > P. australis > Iris.

• This study has revealed that the presence of macrophytes and their choice is an
important aspect to obtain higher removal efficiencies in terms of solids, organic
matter, and nutrients. It has further revealed that careful selection of species with
extensive root networks and large biomasses can also increase the removal of nutrients
in HSSF-CWs.
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