EPJ Web of Conferences 376, 05010 (2026) https://doi.org/10.1051/epjconf/202637605010
ICRAMEN 2026

Treatment Of Municipal Wastewater Using
Nature-Based Constructed Wetlands: Role of
Plant Species and Media in Heavy Metal and
Nutrient Removal

Vaibhav Bijewar", Prabodh Pachpor, Dilip Budhlani, Pratiksha Bele

Department of Civil Engineering, Swaminarayan Siddhanta Institute of Technology, Nagpur (MH),
India

Abstract: The growing population and wastewater generation in
cities are a major challenge for municipal wastewater treatment,
especially for the developing areas where centralized treatment plants
are not fully equipped or are not available. Constructed wetlands are
a feasible and economically sound solution as they can be effectively
operated and efficiently utilize natural wastewater treatment
processes. The present study investigated the performance of
horizontal subsurface wetlands using different plant species and
media combinations for removal of nutrients and heavy metals from
municipal wastewater. Three new water treatment systems were
developed where sand, gravel, biochar and wetland plants are used,
Phragmites australis and Typha latifolia. The water quality was
measured prior to, during and after the treatment. The results showed
a significant decrease in pollutant removal with vegetation and
biochar-based media. The system comprised sand, gravel, biochar
and Typha latifolia had the highest treatment efficiency (more than
80% removal of nutrients and more than 84% removal of heavy
metals) with sand, gravel, biochar and Typha latifolia. Adsorption,
microbial activity and root zone interaction, and phytoremediation
were all associated with improved treatment efficiency as the results
were demonstrated to be more effective in this study. The findings
demonstrate that well designed wetlands can be developed into a
highly decentralized wastewater treatment system and promote
sustainable water management with a green wastewater treatment
solution in nature-based treatment systems. The study also provides a
perspective to the selection of plant species and media for better
nutrient and heavy metal removal in nature-based treatment systems.
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1. Introduction

The management of municipal wastewater is increasingly a major environmental concern
due to increasing urbanization and the demand for freshwater resources. In many developing
countries, wastewater generation has increased significantly in the last 20 years, and
treatment infrastructure has been relatively slow [1-4]. Therefore, untreated or partially
treated wastewater is often discharged to rivers, lakes and other receiving water bodies,
resulting in poor water quality and ecological imbalance. Water treatment plants could give
high treatment efficiency, but they often require substantial investment, continuous energy
supply and skilled service delivery. Such requirements can be harder for small, peri-urban
and resource-poor communities [5-9]. As a result, alternative treatment methods that are
economical, reliable and also ecologically sound have become more widely recognised.
Constructed wetlands are one such method. These engineered systems take place in natural
physical, chemical and biological processes to remove the contaminants from wastewater.
Wetland vegetation, filter media and microbial communities are used to convert, hold or
remove the pollution from the water system. Wetlands also play a role in habitat
development, landscape development and carbon sequestration so are an attractive part of
sustainable urban infrastructure as we talk about wastewater treatment [10-12]. Despite the
extensive research conducted on constructed wetlands, there is still a lack of certainty as to
which plant species and media composition contribute to the removal of nutrients and heavy
metals. These interactions are necessary for the wetland design and long-term treatment
performance for different operating conditions [13-16].
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Fig. 1. Role of plant species in wetlands from Wang, L., & Chen, Y. (2022). Integration of
constructed wetlands with conventional wastewater treatment plants for enhanced nutrient
removal. Journal of Water Process Engineering, 48, 102-118.

2. Problem Statement

The continuous growth of urban settlements has led to a huge increase in municipal
wastewater generation. In many developing areas, existing treatment infrastructure is not able
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to handle the increasing volume of wastewater, and the waste is discharged into the
environment in an incomplete manner [17-20]. This is the source of nutrient enrichment, the
loss of aquatic biodiversity, the contamination of the groundwater and toxic materials in the
environment. While modern wastewater treatment technologies are capable of generating
high-quality effluent, they are often hampered by the high construction cost, energy
requirements, operational complexity and maintenance cost of wastewater treatment and
these are particularly challenging for small and semi-urban communities with limited
financial and technical resources. The constructed wetlands have recently become a practical
solution due to a combination of engineering principles and natural purification processes
[21-23]. However, the treatment performance of wetlands varies drastically from wetland to
wetland due to the vegetation, substrate composition, hydraulic conditions, and microbial
activity. The plant species and media also play a major role in determining the removal of
the pollutants in water. While constructed wetlands are used all over the world, the optimum
combination of wetland vegetation and filtration media for the treatment of nutrients and
heavy metal removal is not yet fully understood. So, a systematic evaluation of these
components is needed to improve wetland design and treatment performance for the most
realistic water treatment in a real municipal wastewater system.

3. Need Of Research Work

The growing demand for sustainable wastewater treatment technologies has led to the
adoption of nature-based treatment systems. Wetlands are often used for low operational
budget and environmental compatibility but there are still many gaps in understanding the
process of nutrient and heavy metal removal. Wetland plants are found to have different
pollutant uptake capacities, root-zone structures and tolerance for wastewater. Similarly,
filtration media differ significantly in terms of hydraulic conductivity, adsorption potential
and long-term stability. So, treatment efficiency is strongly influenced by the vegetation in
relation to substrate. Many published works examined plant quality or media characteristics
separately, but few have investigated the effect of both under the same conditions. This lack
of integrated assessment is hindering our ability to identify optimum plant configurations for
municipal wastewater treatment processes. Moreover, information on nutrient retention,
heavy metal accumulation, media saturation and rhizosphere activity is still limited. The full
picture of these processes is needed to create a reliable, cost-effective and environmentally
sustainable wetland system. The present study fills these gaps by evaluating the impact of
selected plant species and media combinations on nutrient and heavy metal removal in
horizontal subsurface flow constructed wetlands treating municipal wastewater.

4. Literature Review
4.1 Constructed Wetlands as Sustainable Wastewater Treatment Systems

Construction of wetlands as sustainable wastewater treatment systems has received much
attention as an environmentally sustainable alternative to conventional wastewater treatment
technologies. These techniques utilize natural processes of sedimentation, filtration,
adsorption, microbial digestion and plant uptake to better the quality of wastewater.
Compared to traditional wastewater treatment facilities, constructed wetlands are of much
lower input cost and also provide ecological benefits with habitats, carbon sequestration, and
landscape development. Several authors have shown that horizontal subsurface flow
wetlands are particularly suitable for municipal wastewater treatment as wastewater is buried
below the surface, thereby reducing odor and human exposure to pathogens [24,25]. In the



EPJ Web of Conferences 376, 05010 (2026) https://doi.org/10.1051/epjcont/202637605010
ICRAMEN 2026

long run, we have found that when wetland systems are designed properly, suspended solids,
organic matter, nutrients, and trace metals are reduced, but the wetland system continues to
be used to maintain operation under different conditions of water.

4.2 Influence of Wetland Vegetation on Pollutant Removal

Wetland plants are the most important elements of wetland. Wetland plants take in nutrients
and provide favorable growth conditions for bacteria in the rhizosphere (which allows for
positive microbial growth in the rhizosphere). The root system improves oxygen transport,
provides attachment surfaces for microorganisms, and enables hydraulic flow throughout the
treatment bed. Phragmites australis and Typha latifolia have been studied extensively owing
to their adaptability, extensive root development, and adaptability to wastewater. The
nitrogen transformation and heavy metal retention in these plants compared to the non-
planted plants was found to be improved. Tropical macrophytes such as Cyperus papyrus
have also been found to produce biomass, as well as to have high assimilation ability of
nutrients. However, treatment performance depends on the climate, the wastewater, and the
hydraulic loading rate. Recent research indicated that plant selection should not only be based
on plant growth. The root structure, oxygen release capacity, biomass productivity, and the
bacteria’ resistance to contaminant stress all play a role in the treatment. Therefore, it is
important to know species behavior to optimize wetland design. Filter Media (Nutrient and
Heavy Metal Removal) [26,27].

4.3 Role of Filter Media in Nutrient and Heavy Metal Removal

The substrate media within a wetland not only provide the physical infrastructure for
vegetation but also the media can affect the hydraulic conductivity, pollutant retention of the
water, colonization of microbes, and chemical transformation. Sand and gravel are commonly
used substrates for filtration and sedimentation, but they may lose their ability for nutrient
and heavy metal adsorption after long-term use. To overcome this challenge, researchers have
been trying other materials such as biochar, zeolite, limestone, steel slag, etc. Biochar has
been particularly desired due to its large surface area, porous structure, and adsorption ability.
Biocarbon-based processes can remove nitrogen, phosphorus, cadmium, lead, and zinc from
water. Zeolite is well known for removing ammonium through ion exchange processes.
Calcium-rich limestone can also help to remove phosphorus and retain phosphorus in water.
The effective use of these materials is dependent on their physicochemical properties, contact
time, hydraulic conditions, and long-term stability in the wetland environment [28-30].

4.4 Plant—-Media—Microbial Interactions

Recent studies have shown that the removal of pollution from constructed wetlands is the
result of vegetation, substrate media, and microbial communities, rather than a single
component. Root exudates from wetland plants are released, which are required for microbial
activity and nutrient transformation [46-48]. The substrate also provides attachment sites that
promote biofilm growth and biochemical reactions. Nitrogen removal is mainly controlled
by combined nitrification and denitrification in aerobic and anoxic microenvironments of the
rhizosphere. Similarly, phosphorus removal depends on adsorption, precipitation, microbial
assimilation, and plant uptake. Heavy metal removal is achieved through adsorption,
precipitation, complexation, microbial transformation, and phytoremediation. A growing
body of evidence indicates that the combination of appropriate plant species with reactive
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substrate media can significantly improve treatment performance compared to conventional
wetlands [31,32].

5. Methodology

5.1 Experimental Setup

The study was carried out using three pilot-scale horizontal subsurface flow constructed
wetland units to analyse the effect of vegetation and substrate composition on nutrient and
heavy metal removal from municipal wastewater. The systems were treated at the same
environmental and hydraulic conditions in order to compare the performance of treatment
with those in the water. Each wetland unit was constructed in rectangular containers made of
impermeable material to prevent leakage and filled with specified media and was operated at
a constant flow rate. Municipal wastewater from a local drainage network was used as the
influent. The three treatment configurations were as follows: System A (control unit): « Sand
+ Gravel. * No vegetation. System B: ¢ Sand + Gravel. * Planted with Phragmites australis.
System C: Sand + Gravel + Biochar. Planted with Typha latifolia.

PILOT-SCALE HORIZONTAL SUBSURFACE FLOW
CONSTRUCTED WETLAND EXPERIMENTAL SETUP

L} o

Feed Tank
(Municipal
Wastewater)

T
SYSTEM B SYSTEM C g Effluent Collection
(Phragmites australis) (Typha latifolia + Biochar)

All systems operated under identical hydraulic and environmental conditions for comparative evaluation of nutrient and heavy metal removal

Fig. 2. A schematic representation of the experimental setup is shown in image.

5.2 Wastewater Sampling and Analysis

The samples of composite wastewater were taken from the influent and effluent streams of
each treatment unit. Sampling was carried out in regular intervals throughout the monitoring
period to monitor the treatment. The collected samples were preserved and analyzed
according to the standard analytical methods recommended by APHA (2023). The
parameters considered for evaluation were nutrients and heavy metals that are commonly
present in the municipal wastewater. * Ammoniacal Nitrogen (NHa"™—N). ¢ Nitrate (NOs—N).
* Total Phosphorus (TP). « Cadmium (Cd). * Lead (Pb). ¢ Zinc (Zn). * Copper (Cu). Heavy
metal concentrations were measured by Atomic Absorption Spectrophotometry (AAS) and
nutrient parameters were measured using colorimetric and spectrophotometric approaches.
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5.3 Hydraulic Operation

All wetland units were operated under continuous subsurface flow conditions. Wastewater is
uniformly distributed in the inlet section and passes through the substrate before leaving the
outlet. The hydraulic loading in all experimental units is constant to prevent variations and
to ensure that the treatment differences are due to vegetation and media characteristics.

5.4 Pollutant Removal Evaluation

Treatment performance was evaluated by comparing the influent and effluent pollutant
concentrations. Removal efficiency (%) was calculated as follows:
The pollutant removal efficiency for each constructed wetland system was
calculated using the following equation:

Removal Efficiency (%) =

i Ce

G

x 100

Where:
C;= Influent concentration of the pollutant (mg/L)
C,= Effluent concentration of the pollutant (mg/L)
Sample Calculation
For example, if the influent COD concentration is 500 mg/L and the effluent COD
concentration is 75 mg/L:

. 500 — 75
Removal Efficiency (%) = o0 x 100
425 100
=—X
500
=85%

Thus, the constructed wetland achieved 85% COD removal efficiency.
Ci = Influent concentration (mg/L), and C. = Effluent concentration (mg/L). This was used
to compare the pollutant removal efficiency of the three constructed wetland systems.

5.5 Data Interpretation

The experimental results from Systems A, B, and C were analyzed to assess the effect of
plant species and substrate composition on nutrient and heavy metal removal. We also
investigated the performance improvements from biochar and wetland vegetation. Average
pollutant concentrations and removal efficiency were compared to identify the most effective
treatment configuration for municipal wastewater.

6. RESULT

6.1 Nutrient Removal Performance

Treatment of the three wetland environments revealed that the three wetland designs exhibit
a clear difference in how well they remove nutrients. The unplanted control unit (System A)
saw only a moderate reduction in nitrogen and phosphorus concentration. But it is not
possible to remove nutrients only by filtration and sedimentation. Phragmites australis in
System B significantly improved nutrient removal compared to the control unit. The root-
mediated oxygen transfer, microbial activity in the rhizosphere and direct nutrient uptake by
vegetation are responsible for this improvement. Plant roots also made for better hydraulic
flow and created better conditions for nitrification and denitrification. The nitrogen removal
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efficiency of System C was the highest among all the systems. The total nitrogen
concentration of the impacted effluent was reduced from 45.2 mg/L in the influent to 8.7
mg/L in treated effluent, which is 80.8% nitrogen removal and ammoniacal nitrogen removal
to 85.7% and phosphorus removal to 82.4%. The nitrogen removal efficiency of System C is
due to Typha latifolia and biochar-amended media. The biochar was used to create more
adsorption sites to keep the nutrients and microbial biofilm formation in the biofilm. The
synergy between vegetation and substrate helped with the overall treatment and the effluent
quality.

6.1.1 Discussion of Nitrogen Removal

Nitrogen removal in the constructed wetland system was done through ammonification,
nitrification, denitrification, microbial assimilation and plant uptake. The low nitrate in the
treated effluent indicates denitrification processes occurred in anoxic areas of the wetland
bed. Typha latifolia adapted well to wastewater and developed a dense root system that
facilitates oxygen transfer and microbial colonization. These characteristics are likely to be
responsible for the enhanced nitrogen transformation in System C.

6.1.2 Discussion of Phosphorus Removal

Phosphorus removal was effectively influenced by the substrate composition. Although the
sand-gravel media were limited in terms of phosphorus retention capacity, biochar increased
adsorption potential and improved phosphorus immobilization in the treated bed. The
reduction in total phosphorus from 6.8 mg/L to 1.2 mg/L indicates that physical adsorption
and biological uptake were very important for phosphorus removal. The results show that
reactive media can greatly improve phosphorus retention compared to conventional
substrates.

6.2 Heavy Metal Removal Performance

The removal of heavy metals was much better in vegetated systems than in the unplanted
control. These results demonstrate the importance of the wetland vegetation and reactive
filtration for metal removal. System C had the best removal efficiency for all tested metals,
including cadmium (84.0%), lead (88.6%), zinc (86.9%), and copper (87.6%). The treated
effluent had significantly lower metal content than the influent wastewater. Lead removal
was particularly successful and was reduced from 1.85 mg/L to 0.21 mg/L. Similar trends
were observed for cadmium, zinc, and copper, which indicates that the wetland system could
reduce trace metal concentrations to environmentally acceptable levels.

6.2.1 Mechanisms of Heavy Metal Removal

The removal of heavy metal in the wetland systems involved several processes at once.
Adsorption of the heavy metal towards substrate was one of the main removal methods
particularly for the biochar-amended unit. Biochar has a very porous structure and deep
surface area that binds dissolved metal ions through ion exchange and surface complexation
reactions. In addition to adsorption of the metal on the substrate, the plant roots (Typha
latifolia) can accumulate heavy metals in root tissues, so the removal of heavy metals from
the system reduces the mobility of the heavy metal which can be removed from the system.
The overall metal removal was also influenced by sedimentation, precipitation, and microbial
transformation.
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6.3 Influence of Vegetation and Biochar

A comparison of treatment systems shows the positive effect of vegetation and biochar
incorporation on pollutant removal. The control system was the least efficient as pollution
removal was primarily based on filtration and sedimentation. The introduction of Phragmites
australis both helped in nutrient and heavy metal removal as it encouraged biological action
in the rhizosphere. The greatest improvement was made in System C as biochar and Typha
latifolia worked together to improve adsorption, microbial growth, nutrient absorption, and
metal removal. The results show that treatment efficiency is largely a function of vegetation
and substrate media rather than either factor alone.

6.4 Practical Implications

We observed treatment performance of constructed wetlands. These systems could be used
as decentralized wastewater treatment systems in small municipalities, educational
campuses, residential communities and rural settlements. The low energy requirements and
low cost of operation make these systems attractive in developing regions. We further found
that adding biochar to the wetland substrates could greatly improve the removal of nutrients
and heavy metals without any significant cost. The biochar-amended vegetated wetlands
might be a sustainable and economically viable solution to municipal wastewater
management. System C (Sand + Gravel + Biochar + Typha latifolia) was the best treatment
system and was well adapted for field application.

Comparison of Nutrient Concentrations

Influent

System A
System B
System C

Concentration (mg/L)

Total Nitrogen Ammoniacal Nitrogen Nitrate Total Phosphorus
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Comparison of Heavy Metal Concentrations

B hflent
B System A
304 B System B

B System C

Concentration (mg/fL)

Cadmium (Cd) Lead (Pb) Zinc (Zn} Copper (Cu)

Removal Efficiency of System C for Various Parameters
6%

8.9% 87.6%

Removal Efficiency (%)

Fig. 3. Performance of Constructed Wetland Systems for Nutrient and Heavy Metal Removal

7. Conclusion

The present study shows that built wetlands can be a viable and environmental solution to
municipal wastewater treatment. The treatment performance shown in the study indicates
that we need vegetation and media selection for good nutrient removal and heavy metal
removal.
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Among all the systems studied, the wetland with biochar and Typha latifolia produced better
effluent quality. The better performance can be attributed to the strong adsorption capability,
favorable microbial growth conditions, and more pollutant uptake in the root zone. Moreover,
biochar was found to be very important in metal retention and nutrient removal.

This study has shown that integrating natural treatment systems and engineered wetland
design can greatly improve wastewater quality and reduce operational costs. Such systems
can be particularly useful in decentralized wastewater treatment applications in developing
countries where both financial and technical resources are limited.

All future studies should focus on longer-term field-scale assessment, seasonal performance
assessment, and the development of media combinations that promote long-term treatment
efficiency over long periods of time. Further research on plant-microbe interaction and media
regeneration strategies can also enhance the practical application of constructed wetland
technology.
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