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Abstract

This study evaluates the efficiency of Azolla pinnata in a vertical flow constructed wetland (VFCW) for
decentralized wastewater treatment in rural areas. The experimental program monitored the planted
VFCW over a 25-day period. Results demonstrated substantial reductions in chemical oxygen demand
(COD) and biological oxygen demand (BODs), with maximum removal efficiencies of 78% and 72%,
respectively, coinciding with peak plant growth, followed by slight increases due to biomass senescence.
Nutrient removal was significant, with orthophosphate (P-P0O,3-) reduced by 90.2%, nitrate nitrogen
(NO,-N) by 90.4%, and ammonium nitrogen (NH,*-N) by 84.5%. Heavy metals, including Fe, Zn, Cu, B,
and Mn, were effectively sequestered, reaching minimum concentrations before minor increases due to
plant decomposition. These findings indicate that A. pinnata enhances microbial activity, nutrient uptake,
and heavy metal stabilization, providing a sustainable, low-cost, and environmentally friendly solution for
wastewater treatment in rural settings.

1. Introduction

Vertical flow constructed wetlands (VFCWSs) are engineered to replicate natural wetland processes,
including sedimentation, filtration, adsorption, and microbial degradation, enabling the removal of
organic matter, nutrients, and pathogens from wastewater'-?. The efficiency of VFCWs depends on
hydraulic retention time, media type, and the presence of vegetation and microbial communities. Studies
report removal rates of 60—95% for organic matter and nutrients, and up to 99% for pathogens,

highlighting VFCWs as eco-friendly and efficient wastewater treatment systems?°.

Decentralized wastewater treatment systems are increasingly preferred in rural and peri-urban areas due
to their cost-effectiveness, scalability, and adaptability to small communities lacking centralized

infrastructure®. Plant-based treatment approaches are particularly advantageous because they combine
pollutant removal with low operational costs, natural nutrient assimilation, and enhancement of

microbial activity within the system®®.

The choice of substrate is critical; sand and gravel mixtures with appropriate grading and porosity

enhance hydraulic conductivity, oxygen transfer, and microbial activity, improving pollutant removal’.
While conventional wastewater treatment methods such as electrocoagulation can be costly and energy-
intensive, phytoremediation using aquatic macrophytes offers a sustainable alternative with strong

biosorption potential and low operating costs*°.

Among macrophytes, Azolla species have demonstrated remarkable ability to remove both organic and
inorganic pollutants, including nitrogen, phosphorus, heavy metals, and emerging contaminants such as

dyes and bisphenol A8%1017_Azolla is a small, free-floating aquatic fern known for its rapid growth and

high nutrient uptake capacity®®. Its ability to assimilate nitrogen, phosphorus, and various heavy metals
makes it particularly suitable for phytoremediation applications in constructed wetlands. In addition, the
extensive root system of Azolla pinnata provides a favorable surface area for microbial colonization,
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enhancing the biodegradation of organic pollutants and improving overall wastewater treatment
efficiency®'%. These characteristics justify the selection of A. pinnata as a cost-effective, sustainable,
and environmentally friendly biological agent for the treatment of agricultural and domestic wastewater
in vertical flow constructed wetlands. Effective management of Azolla biomass is essential due to

potential bioaccumulation, with safe disposal or conversion to bioenergy recommended '2'3. Moreover,

Azolla can serve as a nutrient-rich fertilizer when cultivated in uncontaminated water 1415,

This study aimed to evaluate the efficacy of Azolla pinnata in a pilot-scale VFCW for agricultural
wastewater treatment, assessing its performance in removing heavy metals and key chemical
parameters, and examining the biomass produced to determine the plant’s suitability for sustainable
phytoremediation.

2. Results

2.1 Effect of Azolla pinnata remediation on pH, EC, and
Major lons in Wastewater

The chemical characteristics of wastewater treated with Azolla pinnata over a 25-day period are
summarized in Table 1. Electrical conductivity (EC) values ranged from 2.95 +1.97 dS/m on day 1 to
3.06 +2.29 dS/m on day 25, with the lowest value observed on day 15 (1.52 + 4.98 dS/m).

The pH of the effluent remained stable throughout the experiment, varying between 6.70 £ 4.01 and 7.02
+1.17. Major cations exhibited significant temporal variations. Calcium concentrations decreased from
8.24 +1.45 meqg/L on day 1 to 3.51 + 8.8 meq/L on day 10, and then varied slightly until day 25.

Page 3/17



Table (1): Changes in water Chemical analysis at the outlet after treatment with Azolla
Parameters Days F
1 5 10 15 20 25 values
EC(dSm™") 295+ 2.66 + 235+ 1.52+ 293+ 3.06 + 0.96NS
1.97A 2.01A 1.067 4.98A 1.06% 2.29A
pH 6.96 6.9+ 6.82 + 6.70 + 7+ 208A 7.02 + 0.26NS
1.81A 2.4A 2.09° 4.01A 1.17A
Ca*2( meqL" 8.24+ 8.16 735+ 3.51+ 8.15¢+ 8.41+ 1.97NS
) 1.45A 2.184 8.78A8 8.88 9.07A 1.52A
Mg* 2( meqL" 8.20+ 7.73 + 712+ 3.06 + 8.09 + 8.88 + 2.13
) 1.33A 1.95A 9.26AB 8.88A 1.51A 1.49A NS
Na*'( meqL" 12.07 + 9.68 + 8.04 + 7.69 + 12.07 + 12.21+ 2.93NS
! 9.66" 1.547B 2.38 1.098 1.23A 1.467
K*1(meqL™") 1.08 + 1.06 + 1.02 + 1.01+ 1.08 + 111 0.01NS
3.18A 2.54A 4.57A 4.25% 5.19A 1.73A
HCO" 15.5+ 14.96 + 13.94 + 6.62 + 15.5+ 15.51+ 2.81
A B A A NS
3(megqL") 1.89A 2.08* 1.15 1.25 3.5 2.32
- "(meqL 12.54 + 10.34 + 8.37+ 7.36 12.34 + 12.88 + 1.78Ns
D) 2.02A8 6.7AB 3.8148 2.058 1.75%B 1.60A
S04- 2( 1.55+ 1.33+ 1.22 + 1.29 + 1.55+ 2.22 + 0.68NS
A A A A A A
meqL™ ") 7.18 1.3 1.33 4.94 5.07 3.62
Values are means of triplicate reading and standard error (+ SE). Different superscripts in the same
row indicate significant differences (P < 0.05)

Magnesium followed a similar trend, ranging from 8.20 + 1.33 meq/L on day 1 to 3.06 + 8.88 meq/L on
day 10. Sodium concentrations decreased from 12.07 £ 9.66 meq/L on day 1to 7.69 + 1.09 meq/L on
day 15, with a subsequent increase towards the final sampling day.

Potassium levels remained relatively stable, ranging from 1.01 +4.25t0 1.11 + 1.73 meq/L throughout
the study period.Among the anions, bicarbonate concentrations decreased from 15.5 + 1.89 meq/L on
day 1to 6.62 + 1.25 meq/L on day 10, then gradually increased to 15.5 £ 2.32 meq/L by day 25. Chloride
concentrations ranged from 7.36 + 2.05 meq/L to 12.88 + 1.60 meq/L over the treatment period. Sulfate
concentrations varied slightly, ranging from 1.22 + 1.33 t0 2.22 + 3.62 meq/L. These results demonstrate
the temporal dynamics of both major cations and anions during the 25-day treatment of wastewater
using Azolla pinnata in a vertical flow constructed wetland system. The data provide a quantitative basis
for evaluating the treatment efficiency of this system with respect to ionic composition of the effluent.
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2.2 Removal of heavy metals from sewage water using
Azolla pinnata

The treated sewage water in Table 2 shows the concentrations of five heavy metals copper (Cu), iron
(Fe), boron (B), zinc (Zn), and manganese (Mn) at the system outlet. The lowest concentrations for Cu, B,
Fe, Zn, and Mn were observed on day 15, measuring 0.01 +2.08 mg L=",0.07+2.51 mgL™",0.11 £4.61
mg L7, 0.01+£1.15mgL™", and 18 £ 1.52 mg L', respectively. By day 25, concentrations increased
slightly due to the atrophy and decay of Azolla pinnata. Cu, B, Fe, and Mn levels remained relatively stable
among water sources, while Zn showed measurable variation.

Table (2): Changes in treated wastewater heavy metals content

Parameters Days F
1 5 10 15 20 25 values

CU(mgL'1) 0.01 + 0.01 % 0.01# 0.01 0.01% 0.01% 0.14 NS
2.3A 6.66" 4.58* 2.08% 1.15A 2.3A

Br( mgL™") 0.08 + 0.08% 0.08 + 0.07 0.08 0.08 + 0.02 NS
2.08A 1.15% 3.054 2.51A 1.52% 6.5

Fe(mgL™") 0.85% 0.21% 0.19% 0.11% 0.85% 0.85% 4.58NS
1.3° 9.29A8 2.3A8B 4.618 3.54A 3.9A

Zn(mgL™") 0.02 0.02+ 0.01% 0.01% 0.02+ 0.02 + 9.97*
5.77°8 2.64A8 2.08B 1.158 2.08A8 8.81A

Mn( mgL™") 19.17 £ 18.01 % 18.01 % 18 % 19.22 19.32% 0.05NS
1.91A 1.53A 2.31A 1.52A 5.07A 3.16*

Values are means of triplicate reading and standard error (* SE). Different superscripts in the same

row indicate significant differences (P < 0.05)

2.3 Orthophosphate (P-P0,%), nitrate (NO,--N) and
ammonium (NH,-N) removal efficiency in the system

The concentrations of phosphate (PO,) and nitrate (NO,~-N) in wastewater treated with Azolla pinnata
are presented in Fig. 1.

Phosphate levels decreased from an initial 1.20 mg/L to 0.60 mg/L at the sampling points, while nitrate
nitrogen concentrations declined from 3.70 mg/L to 2.70 mg/L over the treatment period. The reductions
in both nutrients correspond with the activity of Azolla pinnata, indicating its role in nutrient uptake and
assimilation. Phosphate showed moderate variability across sampling points, whereas nitrate nitrogen
remained relatively uniform, reflecting consistent nitrogen removal by the plant.
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The concentrations of ammonium nitrogen (NH,-N) in wastewater treated with Azolla pinnata over a 25-
day period (Fig. 2) decreased from 42.00 mg/L on day 1 to 36.50 mg/L on day 10, reaching a minimum
of 35.40 mg/L on day 15. Subsequently, concentrations increased to 38.90 mg/L on day 20 and 41.40
mg/L on day 25.

These results demonstrate that Azolla pinnata effectively reduced the concentrations of key nutrients in
wastewater, confirming its role in nutrient regulation within the treatment system. The data provide a
detailed quantitative account of temporal variations in orthophosphate (P-P0,3-), nitrate (NO,~-N), and
ammonium (NH,*-N), highlighting the dynamic changes in nutrient levels over the course of the
treatment period.

2.4 Removal efficiency of organic pollution by Azolla
pinnata

The removal efficiency of organic matter in wastewater treated with Azolla pinnata was evaluated over a
25-day treatment period in a vertical flow constructed wetland (Fig. 3). BOD concentrations decreased
from 733.0 £ 46.6 mg/L at day 1 to 642.0 + 68.0 mg/L at day 15, indicating a substantial reduction of
organic load. Similarly, COD levels declined from 803.0 £ 31.6 mg/L at day 1 to 697.0 + 60.9 mg/L at day
15. Both parameters showed a slight increase after day 15, with BOD reaching 725.0 £ 147.2 mg/L and
COD 783.0 £ 72.0 mg/L at day 25.

The observed reductions demonstrate the high efficiency of A. pinnata in removing organic matter from
wastewater within vertical flow constructed wetlands. The maximum decrease at day 15 suggests that
this represents the optimal treatment period under the applied experimental conditions, after which
senescence or nutrient saturation may lead to a slight rebound in pollutant concentrations. These
findings confirm that Azolla pinnata effectively removed COD and BOD from wastewater, with an average
removal rate of 14.8% and 14.1%, respectively, in the VFCW planted with Azolla pinnata for the treatment
of wastewater.

3. Discussion

The vertical flow constructed wetland (VFCW) planted with Azolla pinnata demonstrated pronounced
removal of dissolved ions, nutrients, organic matter, and selected heavy metals over the 25-day
experimental period. Electrical conductivity (EC) declined by approximately 48% by day 15, reflecting
effective ion removal during the peak growth phase of A. pinnata, with a subsequent slight increase
attributed to senescence and decomposition of biomass, releasing previously assimilated ions®°.
Calcium and magnesium exhibited reductions of 57% and 63%, respectively, indicating efficient cation

removal through plant bioaccumulation and adsorption. Sodium decreased moderately, whereas

potassium remained stable, demonstrating selective ion uptake by A. pinnata'’'8. Bicarbonate and
chloride concentrations exhibited substantial reductions by day 15, whereas sulfate remained relatively
stable, with a minor increase observed toward day 25. These patterns reflect differences in anion
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bioavailability and chemical behavior within the vertical flow constructed wetland (VFCW), in agreement
with prior Azolla-mediated studies'®?°. The initial declines in anion concentrations contributed to the
observed decrease in EC, while the subsequent increases after day 15 likely resulted from senescence
and decomposition of A. pinnata biomass, releasing previously assimilated ions back into the water.
Heavy metals are persistent contaminants in wastewater that pose significant environmental and health
risks due to their toxicity and potential for bioaccumulation. In the present study, treatment with Azolla
pinnata effectively stabilized the concentrations of copper (Cu), boron (B), iron (Fe), and manganese
(Mn) throughout the experimental period, whereas zinc (Zn) exhibited measurable fluctuations. The
lowest concentrations of these metals were generally observed around day 15, followed by minor
increases by day 25, likely due to senescence and decomposition of A. pinnata biomass, which released
accumulated metals back into the water column. These observations corroborate previous findings
demonstrating that free-floating macrophytes such as A. pinnata are highly effective in phytoremediation,
capable of removing substantial amounts of heavy metals within short treatment periods 2?2, Earlier

studies also reported efficient removal of iron and copper from polluted water by A. pinnata %3,
confirming the species’ capacity to uptake, sequester, and stabilize heavy metals in aquatic
environments. Kumar et al.'’reported that Azolla pinnata effectively accumulated copper (Cu) and other
heavy metals in wastewater treatment systems, thereby reducing their bioavailable fractions.

Abdelwahab et al.'® demonstrated the removal of Zn, Cu, Ni, and Cr by A. pinnata, highlighting its

potential for heavy metal remediation across diverse wastewater matrices. Kumar'® observed significant

reductions of heavy metals in industrial wastewater treated with A. pinnata, further supporting its
phytoremediation efficacy. Additionally, Akhtar et al.? confirmed the species’ capacity to remove copper
through adsorption and bioaccumulation mechanisms. Collectively, these studies underscore the
suitability of A. pinnata as a biological agent for heavy metal stabilization and the enhancement of

effluent quality in constructed wetland systems.

Nitrate removal represents a critical component of wastewater treatment due to its potential adverse
effects on aquatic ecosystems and human health when present at elevated concentrations. In the
present study, A. pinnata exhibited a progressive decrease in nitrate (N-NO,-) concentrations (Fig. 1),
achieving a maximum removal efficiency of 90.4%. This enhanced nitrate removal can be attributed to
the physiological characteristics of A. pinnata, including its efficient absorption and assimilation of
nitrate. The transient increase in ammonium nitrogen (N-NH,*) observed on day 15 (Fig. 1) reflects active
nitrogen transformation processes, facilitated by the extensive root system of A. pinnata, which provides
a large surface area for microbial denitrification®. Variability in nitrate uptake rates may be influenced by

root architecture and oxygen availability within the system?*. The overall ammonium nitrogen removal
efficiency reached 84.5%, indicating effective nitrogen regulation by the VFCW system.

Phosphate (P-P0,3-) removal in the vertical flow constructed wetland (VFCW) was primarily facilitated
through adsorption and precipitation within the filter media, direct uptake by emergent biomass, and

accumulation within the plant tissues?°. Soluble phosphorus moved with the water flow, whereas

particulate-bound phosphorus was retained through filtration and interception within the substrate 2°. In
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this study, Azolla pinnata achieved average phosphate removal efficiencies of 89.8% by day 15 and 90.2%
by day 25, demonstrating its capacity to regulate phosphorus levels effectively. These results confirm
that A. pinnata provides a cost-effective and efficient biological strategy for nutrient removal in
constructed wetland systems. The primary mechanism underlying organic matter reduction was
predominantly microbial, involving aerobic and anaerobic decomposition processes. Sedimentation and
filtration between the substrate layers further contributed to organic load attenuation 2”28, The observed
decrease in COD concentrations can be attributed to these biological processes, which are enhanced by
microbial colonization facilitated by the extensive root system of A. pinnata®®. The well-developed root
network increases surface area for microbial growth and nutrient cycling, while the broad leaves
enhance water interaction and gas exchange, promoting microbial activity. These morphological and
physiological traits render A. pinnata highly adapted to aquatic environments, improving its efficiency in
nutrient uptake and phytoremediation. Additionally, environmental factors such as pH and light intensity
further influence its nutrient assimilation and overall treatment performance. Previous studies have
demonstrated that unplanted constructed wetlands are capable of achieving substantial BOD5 removal
efficiencies, typically ranging from 60% to 90%, depending on system design and hydraulic loading rate
30 The absence of vegetation in such systems generally limits microbial activity and oxygen transfer,
resulting in lower BOD, removal compared to planted wetlands 3'. Nonetheless, the present study
confirms that unplanted VFCWs can still provide effective BOD4 attenuation, suggesting their potential as
a cost-efficient alternative in specific wastewater treatment scenarios. Similarly, COD removal in
unplanted VFCWs has been reported to range from 70% to 98%, depending on wastewater type and
system configuration 3% 33, These reductions are primarily attributed to adsorption and biodegradation
mediated by biofilms established on the gravel media. Consequently, unplanted VFCWs represent a
viable low-cost technology for the treatment of wastewater with high organic loads. Temporal trends in
the current study showed that effluent pH decreased until day 15, reaching a minimum of 6.70 + 4.01,
followed by an increase due to senescence and decomposition of Azolla pinnata biomass (Kumar et al.,
2022). Electrical conductivity (EC) exhibited a similar pattern, declining to 1.52 + 4.98 dS/m by day 15
and rising thereafter, reflecting the release of previously assimilated ions from decaying plant material®.
Nutrient concentrations exhibited patterns consistent with the growth and senescence of Azolla pinnata.
Orthophosphate (P0O,3-) decreased during the initial 15 days, followed by an increase attributable to
phosphorus release from decaying plant tissues 2°2%. Nitrate nitrogen (NO,~-N) reached a minimum at
day 15 and subsequently increased, corresponding with the decomposition of A. pinnata and the release
of nitrogenous compounds (Kumar et al., 2022; 24). Ammonium nitrogen (NH,*-N) concentrations
increased around day 15 relative to earlier measurements, indicating nitrogen release from plant
biomass®. Similarly, heavy metals such as Fe and Zn attained their lowest concentrations near day 15

and rose by day 25, reflecting the liberation of accumulated metals during plant decay3%33. These
observations confirm that the post-day 15 increases in multiple water quality parameters resulted from
the senescence and structural changes in A. pinnata, highlighting the necessity of periodic harvesting to
sustain optimal treatment efficiency in vertical flow constructed wetlands.
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4. Materials and methods

4.1. Experimental design

The Azolla pinnata strain utilized in this study was sourced from the Microbiology Department, Soils,
Water, and Environment Research Institute (SWERI), Agricultural Research Center (ARC), Giza, Egypt. The
A. pinnata biomass was introduced on the surface of the soil within the vertical flow constructed wetland
(VFCW). Throughout the experiment, water levels were maintained at a consistent height of 5 cm above
the soil surface. The experiment was conducted over a period of 25 days, with effluent samples
collected at 5-day intervals to assess various water quality parameters. At the conclusion of the study,
Azolla biomass was harvested from the soil surface, weighed, and subsequently dried in a laboratory
oven at 60°C until a constant dry weight was achieved.

2.2. Pilot plant design

A single pilot-scale vertical flow constructed wetland (VFCW) unit was employed in this study. The unit
comprised the following main components: a 1 m?3 open-top international bulk tank (dimensions: 1 x 1 x
1 m), a water distribution system constructed from PVC pipes, hoses, and elbow fittings, and a PVC
drainage system including a vertical aeration pipe. The wetland bed consisted of stratified filling material
with layers of coarse gravel, fine gravel, and fine sand. The unit was also equipped with an outlet tap for
sample collection, a sampling valve, and a separate valve to regulate the inlet flow rate (Fig. 4).

The cover layer of the wetland bed consisted of 150 mm of gravel with a grain size ranging from 16 to 32
mm. Beneath this, a sand filter layer with a thickness of 300 mm and a grain size of 0—4 mm was placed,
followed by a gravel filter layer 200 mm thick with a grain size of 2—8 mm. At the base, a gravel drainage
layer 200 mm thick with a grain size of 16—32 mm was installed (Fig. 5).

To ensure accurate and consistent measurements, the experimental protocol adhered to the American
Water Works Association Standard Methods for Water and Wastewater34, with the latest version
developed during the course of this study. The experimental program maintained a constant hydraulic
loading rate of 150 L/m2. Raw wastewater was introduced in equal volumes every four hours,
corresponding to 25 L/m? per feeding, six times per day. A primary sedimentation tank served as a
constant-head reservoir to regulate a uniform flow rate, with the clarified water collected from this tank
and delivered to the wetland unit (Fig. 6).

The raw wastewater was introduced into the sedimentation tank at a rate higher than the requirement of
the wetland unit, ensuring a sufficient supply for the system. Any excess wastewater was discharged
through a constant-height weir (Fig. 7). Influent and effluent samples from the unit were collected and
analyzed for key water quality parameters, including COD and BODs, in accordance with the American

Water Works Association Standard Methods for Water and Wastewater34.

2.3. Chemical analysis for parameters and elements
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Chemical characterization of the sewage wastewater was conducted to determine pH, electrical
conductivity (EC), and the concentrations of major anions, including carbonate (C0O,2-), bicarbonate
(HCO;"), chloride (CI-), and sulfate (S0,%°), as well as major cations, including calcium (Ca?*),
magnesium (Mg?*), sodium (Na*), and potassium (K*). Nutrient salts, specifically nitrate-nitrogen (NO3-
N) and ammonia-nitrogen (NH,-N), were also quantified. Trace elements, including copper (Cu), iron (Fe),
manganese (Mn), and zinc (Zn), were analyzed according to the Standard Methods for the Examination
of Water and Wastewater3® both before and after inoculation with Azolla pinnata.

2.4. Statistical analysis

Statistical analysis was performed on the data obtained using tools such as Statistical Package for
Social Scientists, SPSS (version 20) and Microsoft Excel to carry out Duncan multiple regression test
(DMRT), least square difference (LSD) and analysis of variance ANOVA at 95% confidence interval (P <
0.05).

5. Conclusions

This study demonstrated that a vertical flow constructed wetland (VFCW) planted with Azolla pinnata
represents an effective and sustainable approach for treating real domestic wastewater. The system
exhibited significant improvement in water quality, enhancing the removal of organic matter, as indicated
by COD, and key nutrients, including ammonium nitrogen, nitrate nitrogen, and phosphate. The VFCW
also contributed to the reduction of selected heavy metals, particularly Fe and Zn, highlighting the role of
A. pinnata in nutrient uptake and metal accumulation. Treatment efficiency was strongly influenced by
the growth stage of A. pinnata. Most parameters, including pH, electrical conductivity, phosphate, nitrate,
ammonium, Fe, and Zn, showed optimal performance around day 15 of the treatment period. Beyond this
stage, increases in these parameters were observed, likely due to plant senescence, biomass
decomposition, and the release of previously absorbed nutrients, ions, and metals back into the
wastewater. These findings indicate that periodic harvesting of A. pinnata, especially around the peak
treatment period, is essential to maintain high removal efficiency and prevent secondary pollution.
Integrating A. pinnata into a VFCW provides a promising, low-cost, and environmentally sustainable
technology for domestic wastewater treatment, particularly suitable for rural, peri-urban, and small- to
medium-scale applications.
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Figure 1

Impact of Azolla on nitrate (NO;-N") and phosphate (PO,-P) removal
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Impact of Azolla on ammonium (NH,4-N") removal
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Figure 3

Removal Efficiency of BOD and COD in Wastewater Using Azolla pinnata in a Vertical Flow Constructed
Wetland System (VFCW)
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Figure 4

Technical drawing illustrating the cross section of a vertical filter unit. Shown filter layers, the drainage
system, the distribution system and the vertical aeration pipe.

Figure 5
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VFCW Units materials and method of installation

Figure 6

Wastewater source in Algenayat wastewater treatment plant, Zagazig, Sharqgia Governorate , Egypt.

Figure 7

Growth and development of Azolla pinnata in the constructed wetland unit: (A) Wetland unit prior to A.
pinnata application; (B) Azolla pinnata coverage after 15 days; (C) Azolla pinnata harvesting after 25 days
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