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Abstract: Vertical-flow constructed wetlands (VFCWs) are an innovative and sustainable nature-
based technology for wastewater treatment in rural areas. This work aimed to evaluate the treatment
performance of VFCWs using real wastewater, which can provide more accurate and reliable results
compared with field-based experiments, and to investigate the use of Paulownia trees in VFCWs for
wastewater treatment. To compare the efficiency of the plants based on the treatment performance of
the VFCWs, three units were prepared and composed of Paulownia, the commonly used Phragmites
Australis, and an unplanted unit used as a control during the experimental program. The results
show significant reductions in both the chemical oxygen demand (COD) and biochemical oxygen
demand (BODS) levels for both planted units, with removal ratios for COD and BOD5 of 60% to
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viable and cost-effective option for the treatment of wastewater in various settings, with the added
benefit of using the relevant biodiversity.
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drological processes that occur in wetlands, such as sedimentation, filtration, adsorption,
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wastewater, including nutrients, organic matter, and pathogens [1,2]. The concept of using
wetlands for wastewater treatment has existed for centuries, with the first recorded use of
constructed wetlands for this purpose dating back to 1840 in Germany [3]. Constructed
wetlands have gained popularity as a sustainable and cost-effective alternative to con-
ventional wastewater treatment methods, particularly in rural areas, where conventional
treatment infrastructure may not be feasible or affordable [4]. Constructed wetlands are
designed to operate by passing wastewater through a series of gravel- and /or sand-filled
layers in which the natural processes of wastewater treatment using the wetland take
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place. The treatment performance of VFCWs depends on several factors, including the
hydraulic retention time, the media type, and the presence of plants and microorganisms [2].
Studies have shown that VFCWs can effectively remove pollutants from wastewater, with
removal rates ranging from 60 to 95% for organic matter and nutrients and up to 99%
for pathogens [2,5]. VFCWSs have also been found to be effective in reducing the concen-
tration of emerging contaminants, such as pharmaceuticals and personal care products
in wastewater [6]. VFCWs are an eco-friendly and efficient nature-based technology for
wastewater treatment. Constructed wetlands have been demonstrated to effectively remove
pollutants from wastewater, such as nutrients, organic matter, and pathogens. Moreover, to
enhance the removal efficiency of VFCWs, different plant species have been used including
Paulownia and Phragmites Australis due to their rapid growth and efficient nutrient uptake
capabilities. Paulownia is a fast-growing tree species that has been widely used in phytore-
mediation and biomass production due to its high adaptability and rapid growth [7]. Its
leaves and roots have been shown to effectively remove nutrients and organic matter from
wastewater in constructed wetlands [8]. Similarly, Phragmites Australis, a common wetland
grass species, has been widely used in VFCWs for wastewater treatment due to its high
biomass production and efficient nutrient uptake [9].

Moreover, the use of raw sewage water in VFCWs can be an efficient and sustainable
approach for the irrigation and fertilization of plant growth in wetland systems. Studies
have shown that raw sewage water can provide sufficient nutrients and water for plant
growth and enhance the treatment performance of VFCWs [10]. However, the use of raw
sewage water can also pose potential risks to the environment and human health due
to the presence of pathogens and contaminants in the wastewater. The authors of [10]
mentioned that to better understand the growth rate and nutrient removal efficiency of
Paulownia and Phragmites Australis in VFCWs using raw sewage water, further studies are
needed. These studies should evaluate the effects of different concentrations and loading
rates of wastewater on plant growth and nutrient removal performance. Furthermore, the
long-term sustainability and potential risks of using raw sewage water for plant growth in
VFCWs should be carefully evaluated.

The selection of filling material is a critical aspect of designing VFCWs. A mixture of
sand and gravel is commonly used as the filling material due to its high permeability, low
clogging potential, and low cost. The grading of the filling material is also an important
factor that affects the treatment performance of VFCWs. Studies have shown that using
a coarser grading of filling material can improve the hydraulic conductivity and oxygen
transfer efficiency in the wetland system [11]. Moreover, the porosity and void space of
the filling material also play significant roles in the treatment performance of a VFCW. A
higher porosity and void space can enhance the oxygen transfer and microbial activity in
the wetland system, leading to better pollutant removal efficiency [12]. Therefore, selecting
the appropriate grading and properties of the filling material is essential for achieving
optimal treatment performance in a VFCW.

The feasibility and economic benefits of using Paulownia in full-scale VFCWs have
been studied in recent years [13-15]. Paulownia has been identified as a promising plant
species for use in VFCWs due to its fast growth rate, high biomass production, and ability
to tolerate harsh environmental conditions. A study conducted in China demonstrated
that the use of Paulownia in VFCWs for wastewater treatment resulted in higher biomass
production and greater removal efficiency of pollutants compared with systems without
plants [13]. In addition, the economic benefits of using Paulownia in VFCWs have been
studied. A cost-benefit analysis conducted in China showed that the use of Paulownia in
VECWs resulted in cost savings due to reduced operational costs, such as lower energy
consumption for aeration and reduced sludge production [14]. Furthermore, the harvested
Paulownia biomass can be used for various purposes, such as biofuel production or soil
amendment. Thus, the use of Paulownia in VFCWs can provide a cost-effective and
sustainable solution for wastewater treatment.
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The construction of a pilot plant of VFCWs cultivated with Paulownia and the com-
mon Phragmites Australis in the Egypt delta using real wastewater presents a unique
opportunity to assess the feasibility of using these plants for wastewater treatment in a
real-world setting [16-18]. This paper aimed to (1) evaluate the treatment performance of
VFCWs using real wastewater; (2) investigate the efficiency of using Paulownia trees in
VECWs for wastewater treatment; and (3) compare the effectiveness of Paulownia with
the commonly used Phragmites Australis and an unplanted unit used as a control for the
wastewater treatment.

2. Materials and Methods
2.1. Pilot Plant Design

In this study, three units were used for the pilot plant VFCWs. The main design
components for each unit were identical and included an opened 1 m? tank (dimensions:
1:1:1 m). A distribution system consisting of PVC pipes, hoses, and angel pieces; a drainage
system (PVC) includes a vertical aeration pipe, filling material with different layers of
coarse gravel, fine gravel, and fine sand; an outlet tap for sample collection including a
valve for sampling; and a valve for regulating the inlet flow rate (Figure 1). The cover layer
consisted of 150 mm gravel with a grain size of 16-32 mm, followed by a sand filter layer
with a thickness of 300 mm and a grain size of 0—4 mm, a gravel filter layer with a thickness
of 200 mm and a grain size of 2-8 mm, and a gravel drainage layer with a thickness of
200 mm and a grain size of 16-32 mm (Figures 1-3). Although the main design components
were similar to those used in previous studies such as the work by [4,19], the specific types
of vegetation and the use of a control unit without vegetation were unique to this study.
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Figure 1. Technical drawing illustrating the cross-section of a vertical filter unit that displays the filter
layers, the drainage system, the distribution system, and the vertical aeration pipe.

To ensure accurate and consistent measurements, the experimental program in this
study followed the American Water Works Association Standards Methods for Water and
Wastewater [20], the latest version of which was developed during the course of this work.
The program included a constant hydraulic loading rate of 150 L per square meter for all
units, with raw wastewater pumped in equal quantities every 4 hours at a rate of 25 L per
square meter, 6 times per day. A primary sedimentation tank was used as a constant-head
tank to maintain a consistent flow rate, with settled water taken from it and sent to the
units (Figure 3).

The raw wastewater was fed into the sedimentation tank at a higher rate than required
for the units, ensuring they received enough wastewater, with any surplus disposed of
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through a weir of a constant height. Samples were taken from the influent and effluent
of each unit and measured for their characteristics, including their COD and BODs levels.
Using the AWWA Standards Methods for Water and Wastewater [20], this study ensured
accurate and reliable measurements, enabling valid comparisons of the treatment efficiency
of the different units.

Figure 2. VFCW unit materials and methods of installation. The distribution system: (A): positioning
of the assembly; (B): detailed picture showing the valve for volume flow control and the 3 mm holes
drilled into the pipes; (C): hose routing. (D): the tank filled with coarse gravel beneath the assembly,
and (E): the tank filled with sand filter layer with a thickness of 300 mm.

Figure 3. Wastewater source in Algenayat wastewater treatment plant, Zagazig, Sharqia, Egypt.

2.2. Filling Material

The filling material consisted of different layers of gravel and sand. It plays a very
important role and should be chosen carefully and according to the specifications of the
DWA. A filter material with 0—4 mm fine sand should be examined for its suitability directly
after purchasing, considering that a steady grain size distribution and a fine graduation of
the particles have to be ensured (DWA A 262, p. 42).

In order to decide if the available media had suitable particle compositions and char-
acteristics, a sieve analysis was conducted in the Faculty of Engineering in the Zagazig
University soil lab. The following figures show the sieve analysis curves, which demon-
strate the results of different combinations of sand and gravel mixtures (Figures 4 and 5).
These include the grading and properties of the sand and gravel mixtures that can be
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used as a filling material in VFCWs. The sand had a D10 of 0.19 mm, a D30 of 0.33 mm,
and a D60 of 0.70 mm. The coefficient of uniformity (Cu) was 3.68, and the coefficient of
curvature (Cc) was 0.82. The gravel had a D10 of 1.38 mm, a D30 of 2.33 mm, and a D60
of 3.14 mm. The Cu was 2.28, and the Cc was 1.15. The selection of the filling material is
crucial in a VECW as it affects the hydraulic conductivity, porosity, and permeability of
the system. A proper mixture of sand and gravel can improve the treatment efficiency of a
VECW by creating an optimal environment for microbial growth and pollutant removal.
The properties of the filling material should be considered during the design and operation
of a VFCW to ensure optimal treatment performance [21].
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Figure 4. Grain size distributions for raw sand and raw gravel.

Selecting the right filling material in VFCWs is critical for the efficient removal of
pollutants from wastewater. In this study, a mixture of sand and gravel was evaluated to
determine the optimal grading for use in VFCWs. Five mixture samples were tested for
their hydraulic conductivity and pollutant removal efficiency [22]. The selected mixture,
sample 4, consisted of 15% sand and 85% gravel. It had a D10 of 0.78 mm, a D30 of 1.79 mm,
and a D60 of 2.97 mm. The coefficient of uniformity (Cu) was 3.79, and the coefficient
of curvature (Cc) was 1.37. This mixture provided the best hydraulic conductivity and
treatment efficiency compared with the other samples (Table 1).

The optimal grading of the filling material in a VFCW depends on various factors such
as the type of wastewater, climate, and system design. Therefore, careful consideration
should be given to selecting the appropriate filling material for a VFCW to ensure optimal
treatment performance, as shown in Table 1.
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Table 1. Comparison between the five filling material mixtures.
Sample D1 (mm) D3¢ (mm) Dgo (mm) Cqu C.
Pure sand 0.19 0.33 0.70 3.68 0.82
Pure gravel 1.38 2.23 3.14 2.28 1.15
MIXTURE SAMPLE 1 (50% sand + 50% gravel) 0.24 0.67 1.97 8.08 0.95
MIXTURE SAMPLE 2 (60% sand + 40% gravel) 0.22 0.51 143 6.48 0.82
MIXTURE SAMPLE 3 (40% sand + 60% gravel) 0.28 0.94 2.52 9.12 1.26
MIXTURE SAMPLE 4 (15% sand + 85% gravel) 0.78 1.79 2.97 3.79 1.37
MIXTURE SAMPLE 5 (10% sand + 90% gravel) 0.86 1.68 2.86 3.31 1.15
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Figure 5. Grain size distributions for different mixtures of filling material.

2.3. Cultivation Process

Three units were developed over the course of this work with two kinds of plants,
namely, Phragmites Australis and Paulownia, which have economic benefits for local farmers
in rural villages, and the third unit was the control unit (without plants). The wastewater
source was preliminarily treated wastewater from the Al Qenayat wastewater treatment
plant in Zagazig, Egypt.

The preliminary treatment work included a mechanical cleaning screen and a grit
removal chamber (Figure 6).

The primary sedimentation tank was used as a fixed-level tank because the excess
water was drained through a fixed-level weir. Thus, it gave a constant height to the pumps
that drew water from it. This arrangement maintained the stability of the disposal of
the pumps (Figure 6). The discharge was calibrated periodically to ensure the amount of
water entering each unit separately. The characteristics of the wastewater at the inlet were
determined before the process, as displayed in Table 2.
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Pretreatment tank

Figure 6. Primary sedimentation tank.

Table 2. The characteristics of the wastewater at the inlet.

Parameter Unit Min. Max. Average
COD mg/L 221.2 559.6 410.9
BODs mg/L 118.8 433.6 229.8
pH 6.8 7.7 7.3
Temp. °C 21 32 27.3
TS mg/L 855 1145 1011.9
TVS mg/L 280 705 434.0
TFS mg/L 430 705 5779
TSS mg/L 75 217.5 180.9
Ammonia-N mg/L 17.3 324 23.4

To assess the feasibility of using these plants for wastewater treatment in a real-world
setting, constructions of pilot plants of VFCWs cultivated with Paulownia and the common
Phragmites Australis were prepared. The two types of plants with five seedlings were

planted three weeks before passing the wastewater into each unit (Figure 7).

Figure 7. Constructed wetland units: (A) control unit; (B) Paulownia; and (C) Phragmites Australis.

3. Results and Discussion

3.1. Impact of Paulownia on Wastewater Treatment
3.1.1. Efficiency of Biochemical Oxygen Demand Removal

The results of the present study demonstrate that the use of VFCWs planted with
Paulownia can effectively remove BOD5 from wastewater. The average BOD5 removal
efficiency observed in this study for 13 weeks of measurements was 77.3%, which is within



Water 2023, 15, 2281

8of 12

the range reported in the literature. The authors of [23] found an average BOD5 removal
efficiency of 94.4% in a VFCW planted with Paulownia tomentosa for the treatment of
domestic wastewater, while [24] reported a removal efficiency of 77.8% in a VFCW planted
with Paulownia fortunei for the treatment of landfill leachate. In addition, [25] reported a
BOD5 removal efficiency of 82.7% in a VFCW planted with a Paulownia hybrid for the
treatment of synthetic wastewater. The influent BODS5 concentrations in the present study
ranged from 820 ppm to 99.3 ppm, with an average of 253.1 ppm, which is relatively high
compared with the influent concentrations used in the literature. Despite the high influent
BODS5 concentrations, the VFCW planted with Paulownia was able to achieve a significant
reduction in BOD?5 levels, with effluent concentrations ranging from 99.2 ppm to 13 ppm
and with an average of 43.2 ppm (Figure 8). This suggests that VFCWs planted with
Paulownia can effectively treat wastewater with high BOD5 concentrations. However, it is
important to note that the removal efficiency may be influenced by various factors, such as
the hydraulic retention time, influent BOD5 concentration, and plant species (Figure 9).
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Figure 8. BODs values for raw water and the three tested units.
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Figure 9. BOD5 removal ratios for the three tested units.

3.1.2. Efficiency of Chemical Oxygen Demand Removal

The present study showed that the vertical-flow constructed wetland planted with
Paulownia effectively removed COD from wastewater, with an average removal rate of
84.15%. These findings are consistent with previous studies that have reported high COD
removal rates using Paulownia-planted constructed wetlands. For example, [26] found
that a vertical-flow constructed wetland planted with Paulownia removed 90.4% of COD
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from municipal wastewater. Similarly, [27] reported a COD removal rate of 90.2% using
a horizontal-flow constructed wetland planted with Paulownia. The high COD removal
rates observed in these studies can be attributed to the ability of Paulownia to promote
microbial growth and enhance pollutant degradation. Furthermore, the use of constructed
wetlands planted with Paulownia offers a cost-effective and eco-friendly approach to
treating wastewater.

3.2. Impact of Phragmites Australis on Wastewater Treatment
3.2.1. Efficiency of Biochemical Oxygen Demand Removal

The present study reported the BOD5 removal efficiency of a vertical-flow constructed
wetland (VFCW) planted with Phragmites Australis for treating wastewater. The results
show that the BOD5 removal ratios ranged from 95.6% to 65%, with an average of 78.7%,
while the influent BOD5 values ranged from 820 ppm to 99.3 ppm, with an average of
253.1 ppm (Figure 10). These findings are consistent with previous studies that reported
the high efficiency of Phragmites Australis in removing BOD5 from wastewater in VFCW
systems. For instance, [28] reported a BOD5 removal efficiency of 76.6% in a VFCW planted
with Phragmites Australis for treating domestic wastewater. Similarly, [29] reported a BOD5
removal efficiency of 72.4% in a VFCW system planted with Phragmites Australis for treating
livestock wastewater. Therefore, the results of the present study are in line with previous
research, indicating that VFCW systems planted with Phragmites Australis are effective in
removing BOD5 from wastewater (Figure 10).

1200 COD Results
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1000 —&—Paulownia
—®— Phragmites australis
2800 —&—Raw water
ag 600
=]
¥ 400
8
Y20 @
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Figure 10. COD values for raw water and the three tested units.

3.2.2. Efficiency of Chemical Oxygen Demand Removal

COD removal efficiency is an essential factor in wastewater treatment to reduce
environmental pollution. In this study, the COD removal efficiency of the Phragmites
Australis-planted unit was evaluated, and it was found to range from 94.1% to 60%, with
an average value of 78.16%. These findings are consistent with the results obtained in
previous studies, where the COD removal efficiency ranged from 90% to 70% for VFCWs
planted with Phragmites Australis [30,31]. In contrast, the unplanted control unit had a
lower COD removal efficiency, ranging from 96.1% to 55.1%, with an average value of
80.2% (Figure 11). This difference could be attributed to the fact that Phragmites Australis
is known to have high biomass and a dense root system that facilitates the retention and
filtration of pollutants, leading to higher COD removal efficiency compared with unplanted
units [32]. Therefore, the results suggest that planting Phragmites Australis in VFCWs can
significantly enhance COD removal efficiency (Figure 11).
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Figure 11. COD removal ratios for the three tested units.

3.3. Impact of Control Unit on Wastewater Treatment
3.3.1. Efficiency of Biochemical Oxygen Demand Removal

In the present study, the unplanted control unit resulted in BOD5 removal ratios
ranging from 97.8% to 48%, with an average value of 80%, while the effluent from the
control unit ranged from 132 ppm to 15 ppm, with an average value of 42 ppm (Figure 9).
These results are in agreement with previous studies that found that unplanted constructed
wetlands can achieve high BOD5 removal efficiencies ranging from 60% to 90% depending
on the design and hydraulic loading rate of the system [33-35]. It is worth noting that
the BOD5 removal performance of unplanted systems is typically lower compared with
planted systems due to the absence of vegetation, which plays a crucial role in enhancing
microbial activity and oxygen transfer in the wetland [36]. However, the present study’s
results suggest that unplanted constructed wetlands can still provide effective BOD5
removal, making them a potentially cost-effective solution for wastewater treatment in
certain settings.

3.3.2. Efficiency of Chemical Oxygen Demand Removal

In the present study, the raw water COD values ranged from 1042 ppm to 266 ppm,
with an average value of 422.6 ppm, and the COD removal ratios for the unplanted unit
ranged from 96.1% to 55.1%, with an average value of 80.2% (Figure 11). These results
are consistent with previous studies that have reported the effectiveness of unplanted
VFCWs in removing COD from wastewater. For example, [37,38] reported COD removal
efficiencies ranging from 80% to 98% in unplanted VFCWs treating domestic wastewater.
Similarly, a study by Zhang et al. (2019) reported COD removal efficiencies of 70.4% to
89.1% in unplanted VFCWs treating livestock wastewater. The high removal efficiency
observed in the present study and previous studies can be attributed to the adsorption and
biodegradation of organic matter by the biofilm attached to the gravel media of the VFCWs.
Thus, unplanted VFCWs can be considered a low-cost and efficient technology for treating
wastewater with high COD concentrations.

4. Conclusions

The contribution of this study lies in its potential to evaluate the treatment performance
of VFCWs using real wastewater, which can provide more accurate and reliable results
compared with field-based experiments. Furthermore, the use of Paulownia and Phragmites
Australis as cultivation species in VFCWs is of particular interest due to their high growth
rate, high biomass production, and ability to tolerate harsh environmental conditions.
This study provides valuable insights into the use of these plant species in VFCWs for
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wastewater treatment, which can lead to the development of cost-effective and sustainable
treatment technologies for rural and peri-urban areas in Egypt. Additionally, the results of
this study also contribute to the understanding of the mechanisms underlying pollutant
removal in VFCWs, which can help to optimize the design and operation of these systems
for enhanced treatment performance.

In addition, this study aimed to fill this gap in knowledge by evaluating the perfor-
mance of Paulownia in VFCWs and comparing it with that of Phragmites Australis and an
unplanted unit. The results of this study have important implications for the use of con-
structed wetlands for sustainable wastewater treatment and provide valuable insights for
the development of efficient and effective treatment systems. However, it should be noted
that the efficiency of wetlands can be affected by various factors, including the type and
size of the wetland, the hydraulic retention time, and the influent characteristics. Therefore,
further research is needed to optimize the design and operation of constructed wetlands
for wastewater treatment and to identify the most suitable plant species for different types
of wastewater.
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