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Abstract. The discharge of municipal wastewater has become an
environmental issue for the region at large, particularly in rapidly
urbanising areas where the treatment facilities are not sufficient.
Nature-based methods such as wetlands are a sustainable treatment
process as they are low energy consumption, less operation time, and
have environmental benefits. This study investigated horizontal
subsurface flow constructed wetlands with different vegetation and
filter media combinations to remove nutrients and heavy metals from
municipal wastewater. Three wetland systems were investigated with
sand, gravel, biochar, and selected macrophytes: Phragmites australis
and Typha latifolia. The treatment performance was measured by
measuring the concentrations of total nitrogen, ammoniacal nitrogen,
total phosphorus, cadmium, lead, zinc, and copper before and after
the treatment. The presence of vegetation was found to significantly
improve the removal of pollutants from the wetland compared to the
unplanted control. The wetland with biochar and Typha latifolia
received a very good treatment and removed more than 80% of
nutrients and about 85 to 89% of heavy metals. The media adsorption,
microbial change, root zone oxygen transfer, and phytoremediation
all resulted in enhanced treatment efficiency. The findings indicate
that the constructed wetlands can act as an efficient decentralized
wastewater treatment system and contribute to sustainable water
resource management. The presence of plants in the wetland should
also be considered beneficial for the plant species and the media
structure for fertilization and the effective removal of nutrients and
heavy metals.
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1. Introduction

The increasing demand for freshwater resources and the increase in wastewater generation
has led to a global problem of water pollution. Municipal wastewater contains high levels of
nutrients, suspended solids, organic matter as well as trace heavy metals, which if not treated
properly can adversely affect aquatic ecosystems and public health [1-4]. In many
developing countries there are not enough wastewater treatment facilities to handle the
growing demand, and this is because of financial, operational and infrastructure issues [5,6].
To address this problem there is a lot of attention in the area of sustainable and cost-effective
treatment methods. As a nature-based wastewater treatment technology, constructed
wetlands have emerged as a promising field for wastewater treatment [7,8]. Natural wetlands
are cleaned with plants and porous media and microbes, but synthetic landscapes can be
engineered by different methods for cleaning the environment [7]. Pollutant removal can be
carried out via sedimentation, filtration, adsorption, microbial degradation, plant uptake and
chemical transformation [7—9]. Compared to conventional wastewater treatment, constructed
wetlands require less energy and are simple to maintain and can be used for decentralized
treatment [7,8]. Besides wastewater purification they can also be used for biodiversity
conservation, carbon sequestration and landscape conservation [7]. The treatment efficiency
of constructed wetlands is determined by several factors of design, the most important of
which is that of the plant species and the substrate media [9-12]. Wetland vegetation
influences oxygen transport, microbial colonization, nutrient uptake and contaminant
accumulation [13,14]. Filter media controls hydraulic performance and pollutant adsorption
capacity [10—12]. Despite extensive research in this field, the influence of vegetation and
media composition on nutrient and heavy metal removal is not yet fully understood [11,12].
Therefore, we aim to assess the performance of different plant-media combinations in
horizontal subsurface flow constructed wetlands treating municipal wastewater. We
specifically focus on their effectiveness in removing nutrients and heavy metals and find the
best configuration for sustainable wastewater management.

2. Statement

With an increase in urbanization, municipal wastewater production has grown exponentially
but the development of treatment facilities has been relatively slow. As a result, untreated or
partially treated wastewater is often dumped into natural water bodies, contributing to
nutrient enrichment, ecological degradation, and contamination of soil and groundwater [1—
4]. Although wastewater treatment technologies can provide high pollutant removal
efficiency, their implementation requires high capital investment, reliable energy supply, and
high technical expertise [5,6]. These are not yet available in small cities and resource-
constrained regions. Building wetlands is an alternative but treatment performance depends
greatly on the nature of the wetlands [7,8]. The combination of vegetation and substrate
media contributes substantially to pollutant removal, though little is known about their
combined effect on nutrient and heavy metal removal [11,12]. Finding the best plant-media
combination for wastewater treatment will significantly enhance the treatment efficiency and
help to promote the wider acceptance of nature-based wastewater treatment technologies
[7.8].

3. Need of Research Work

The increasing discharge of municipal wastewater with excessive nutrients and heavy metals
has raised environmental issues worldwide [1-4]. Although wetlands have been extensively
investigated as sustainable treatment systems, several technical limitations and knowledge
gaps still limit the optimization and large-scale implementation [7,8]. Most previous works
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have focused on specific plant species or substrate materials under different environmental
conditions and therefore it is difficult to compare and contrast their performance [11,12].
Furthermore, it is still not clear how long-term substrate media will be able to work [12].
There exist sand and gravel-based media which do not have the adsorption capability to
remove nutrients and heavy metals and hence are less efficient in treatment [12]. New
materials such as biochar have shown the possibility for adsorption [15]; however, their
interaction with wetland vegetation is still being studied. There is also limited knowledge of
the interaction between plant species, microbial communities and filter media in the
wastewater treatment process [13,14]. Knowing the interaction between these three things is
key to developing efficient and economically viable wetland systems that can remove
pollutants from wastewater. Thus, we aim at investigating the interaction between wetland
plants and media for removing nutrients and heavy metals in municipal wastewater and this
is why we are looking for better nature-based wastewater treatment systems.

4. Literature Review:

Different emergent wetland plants was compared in tropical wetlands for municipal
wastewater treatment. They found that the vegetation is key to the treatment efficiency.
Cyperus papyrus is the best species in terms of nutrient removal due to its dense root structure
and high biomass productivity. Phragmites australis, however, is more effective in removing
heavy metals since it supports rhizosphere processes and metals accumulate within plant
tissues. [7, 13]

Chen and collaborators studied the effect of different substrate materials on heavy metal
removal from vertical flow constructed wetlands. Several compositions of gravel, sand,
biochar, zeolite, and limestone were used. The biochar and zeolite were found to significantly
increase pollutant adsorption and retention in the wetland bed. The optimized substrate
composition was able to remove heavy metals at a removal efficiency of over 85% for
multiple heavy metals, suggesting that media properties are as important as vegetation for
treatment performance. [10—12, 15]

The connection between wetland plants and microbial communities that convert nutrients
was investigated using advanced metagenomic methods, planted wetlands exhibited richer
and more active microbial populations than unplanted ones. In addition to higher nitrogen
loss, plants also helped to increase the nitrifying and denitrifying bacteria populations. Their
work stressed the significance of plant-microbe interactions in wastewater treatment. [13, 14]
Kumar and colleagues studied long-term performance of hybrid wetlands in different
climates. Their results showed that seasonal temperature-related changes in treatment
efficiency were significant, especially for nitrogen removal. Lower temperature levels
inhibited microbial activity and nutrient transformation processes, and high temperature
conditions increased treatment efficiency. In this regard, the authors said climate-resilient
plant species need to be used for system design and plant species selection for treatment
efficiency to be the same for all the year. [5, 6]

The accumulation and movement of heavy metals in typical wetland plants was investigated.
Typha latifolia showed a significant uptake of lead and cadmium and was good for
phytoremediation. Phragmites australis migrated zinc and copper from roots to aerial plant
parts. This study provided knowledge for plant selection and harvesting to maintain long-
term heavy metal management in constructed wetlands. [7, 11]

Das and Chakraborty investigated biochar as a substrate amendment for the built wetlands
that are used to treat municipal wastewater and found that biochar was able to reduce nutrients
and heavy metals in a very positive way compared to gravel-based ones. The high surface
area of biochar, adsorption capacity, and microbial growth were the reason for the better
performance of biochar. The study found that biochar is, in fact, an efficient and economical
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material for the treatment of wetlands and found that it can be used as an efficient wetland
treatment system. [15]

Gupta and Singh compared the treatment of tropical and temperate wetland plant species
under similar conditions. Tropical plants grew faster and gained more nutrients due to higher
biomass production rates. Compared to the tropical species, temperate species like
Phragmites australis cleaned up heavy metals better and were more sensitive to seasonal
environmental changes. For the plant selection in such a scenario, the climatic conditions and
pollutants should be taken into account. [6, 7]

The mechanisms for phosphorus removal in the subsurface flow constructed wetlands of
water was investigated. They found that substrate adsorption was responsible for most of the
phosphorus removal, and plant uptake and microbial immobilization also assisted. The
authors also stressed that the substrate materials needed are the best to maintain long-term
phosphorus removal and wetland efficiency. [10—-12]

Nitrogen transformation processes in constructed wetlands was studied as a result of different
hydraulic loading rates. They found that planted wetlands consistently outperformed
unplanted systems due to oxygen transfer through plant roots and microbial activity in the
rhizosphere. The research confirmed that vegetation is very important for nitrification and
denitrification processes and nitrogen removal from wastewater. [13, 14]

Long-lived heavy metals in constructed wetland substrates was studied. They found that
heavy metals were, in fact, associated with stable substrates over time, which reduced their
mobility and environmental hazards. Built wetlands helped to remove heavy metals from
wastewater, but also helped them to stabilize over time, and thus they are an effective
wastewater management solution. [11, 12].

5. Methodology

5.1 Design and setup

The bench-scale biofilter system was constructed on four 20-litre plastic buckets. The buckets
were used as sequential filtration units, and the fourth was used as a raw wastewater collection
tank. PVC pipes were used to connect the buckets in a series and to control the flow of samples
at each stage. 2. Materials Used.

We used the following materials in the construction of the biofilter system:

Gravel (19 mm diameter) as coarse support media, Pebbles (9.5 mm diameter) as intermediate
support media. Sand (different mesh sizes) as graded layers. Nylon mesh / fishing net— used
for keeping coarse solids in place to prevent media migration. Recycled plastic containers and
pipes— used for structure and flow distribution. Waste materials (e.g., conduit pipe pieces)
— added to provide more surface area for microbial biofilm growth.All materials were locally
sourced and cleaned before assembly to remove dust and contamination.

5.2 Biofilter Configuration

The three filtration units were arranged in vertical order (top to bottom) with the following
layer composition (from top layer to bottom in each bucket):

* Filter 1 (Top Layer - Primary Filtration) -10 cm of gravel (19 mm) in the bottom of this
bucket.

* 10 cm of sand (sieved) at the top of this bucket.

» A mesh bag at the top of this inlet to trap coarse solids and serve as a pre-treatment stage.
Filter 2 (Intermediate layer - Secondary Filtration), 10 cm of pebbles (9.5 mm), 10 cm of sand.
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Nylon mesh installed to capture suspended solids passing from Filter 1. Filter 3 (bottom layer
- polishing and biofilm support). Mixed layers of gravel and sand.

Other waste (small pieces of conduit pipe) to help biofilm attachment and biological
degradation.

5.3 Flow Mechanism

The system was operated under a gravity-fed downflow. Wastewater was sent to Filter 1 and
then gravity was used to flow through Filter 2, then Filter 3. Each filtration unit had a drainage
pipe and sampling tap that allowed for water samples to be collected before and after each
stage without affecting the water system. Wastewater Source. The domestic wastewater (black
water) was collected from the following sources in the college campus and canteen area:
Kitchen sinks (organic-rich wastewater). Toilets (canteen and campus facilities). The
collected wastewater represented typical domestic effluent with varying organic and solids
loads, which provided a realistic regime to assess the system. Treatment in the biofilter system
was done in the following way: Physical filtration: sand and gravel layers with suspended
solids were used. Biological degradation - indigenous microorganisms that formed biofilm on
media surfaces (including waste pipe pieces). The system was operated in
anaerobic/downflow conditions, and so no external aeration.

5.4 Parameters Analysed

The physicochemical parameters were measured for raw wastewater and samples after each
filtration stage: Temperature pH. Electrical Conductivity (mS/cm). Turbidity (NTU).
Dissolved Oxygen (DO, mg/L). Biochemical Oxygen Demand (BODs, mg/L). Chemical
Oxygen Demand (COD, mg/L). Colour and total/dissolved solids. The standard analytical
methods (APHA 23rd edition) were followed for all measurements.

5.5 Sampling and Analysis

Samples were collected at four different points: Inlet - raw wastewater from the collection
bucket. After Filter 1 - effluent from the first filtration unit. After Filter 2 - effluent from the
second unit. Final outlet - effluent from Filter 3. All samples were taken in clean, labelled
bottles and sent to the lab within 2 hours. The analysis was performed in triplicate, and average
values were reported. 9. Performance evaluation. The treatment efficiency was compared
between pollutant concentrations at the inlet and outlet of the whole system, as well as at
intermediate stages. Removal efficiency was given by the standard formula: 100% Removal
= (Input concentration - Output concentration) / Input concentration x 100.

5.6 Removal Efficiency Calculation

. Influent Concentration — Effluent Concentration
Removal Efficiency (%) = Influent Concentration * 100

Or using symbols:

C;

C;

¢ x 100

Removal Efficiency (%) =

Where:
e  (;= Influent (input) concentration (mg/L)
e (= Effluent (output) concentration (mg/L)

Efficiency values for BODs, COD, turbidity, solids and other parameters. System evaluation.
The biofilter system was evaluated on the following criteria: Treatment efficiency ability to
reduce BODs, COD, turbidity, and solids to acceptable levels for reuse or discharge. Cost and
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material availability - total construction cost and ease of sourcing materials locally. Ease of
construction and operation - ease of assembly and operation, maintenance, and need for
external energy or chemicals. Suitability for decentralised applications - need to be used in a
home, small community, rural community or without centralized sewerage network.

Filter 1 (Top Filter)

Net Bag (Coarse Solids)

10 cm Gravel (19 mm)
10 cm Sand (18 Mesh)
Drain Pipe with Tap
20mm PVC
~— Pipe —>|

Filter 2 (Intermediate)

10 cm Pebbles (9.5 mm)

10 ¢cm Sand (8 Mesh)
Nylon Mesh

Drain Pipe with Tap

20mm PVC
— Pipe —>

Filter 3 (Bottom Filter)

Gravel + Sand Mix

Cut Pipe Media (Biofilm)

Drain Pipe with Tap

Fig. 1. Proposed Experimental Set up of biofilter system taken from 22.Li, J., et al. (2023). Advanced
nitrogen and phosphorus removal by the symbiosis of PAOs, DPAOs and DGAOs in a pilot-scale
A20/A+MBR process with a low C/N ratio of influent. Water Research, 229, 119459

6. Result

The proposed three-stage biofilter system significantly reduced values in important water quality
parameters as demonstrated by the performance evaluation of the system. Table 1 and Fig. 2 present
the efficiency of the biofilter system with respect to removal of total suspended solids (TSS) and the
excellent filtration performance of the biofilter media with 100% efficiency. The results showed that
the colour removal efficiency was 95%, indicating that the adsorption and biodegradation of coloured
compounds in the wastewater were effective. The treatment system was found to be 90% effective at
reducing turbidity, indicating its effectiveness in removing fine suspended particles and enhancing
water clarity. It was also noticed that there was a considerable decrease in conductivity about 52%,
indicating partial depletion of dissolved ions and salts. The treated effluent pH remained close to neutral
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(6.8), which falls within the acceptable range for discharge applications and reuse. In addition,
significant decreases in BOD and COD were recorded which suggested that there was biodegradation
of organic contaminants in the biofilter due to microbial activity. The overall results showed that the
three-stage biofilter treatment system is an effective treatment system that can produce good quality
effluent, which can be released to the environment and reused as potable water.

Table 1. Expected performance of the 3-stage biofilter for key water quality parameters.

Parameter Expected Removal / Change | Unit / Condition
Turbidity 90% NTU

Colour 95% Pt—Co or ADMI
TSS 100% mg/L

pH 6.8 pH units
Conductivity 52% reduction pS/cm

BOD / COD Reduction observed mg/L

Expected Removal Efficiencies for Biofilter Treatment

100%
100 -

Removal Efficiency (%)

40

TSS Colour Turbidity Conductivity
Parameter

Fig. 2. Expected removal efficiencies for biofilter treatment

7. Conclusion

The 3-stage biofilter is a cheap and sustainable method for treatment of domestic blackwater.
The system was able to remove turbidity, colour and settleable solids in a good way and the
pH and electrical conductivity were also improved. According to BIS IS 10500, the final pH
(6.94) is within the acceptable range of 6.5-8.5 and the final turbidity (10.5 NTU) is above
the BIS limit of 5 NTU and so the treated water is not suitable for direct drinking use without
further treatment. The BOD and COD results were not satisfactory so a longer monitoring
period, such as 15-day interval analysis, is needed for chemical assessment. As a result,
regular maintenance is necessary, especially for Filter 1, in order to avoid sedimentation of
sand and gravel layer clogging. A grease trap and inspection chamber can also improve
performance. Overall, the system is best suited for preliminary/non-potable wastewater
treatment in rural, suburban and decentralized sanitation applications.
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