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ABSTRACT - This study examines the efficacy of Lepironia articulata and Typha angustifolia
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in horizontal subsurface flow constructed wetlands (HSSF-CWs) for removing organic Revised 05" May 2025
pollutants and heavy metals from contaminated water over a 10-week monitoring period. For Accepted 24 May 2025
Lepironia articulata, the average COD, BODs, Pb, Zn, Fe, and Cu concentrations were 38.2 Published 10 June 2025
mg/L, 13.09 mg/L, 0.0416 mg/L, 0.0368 mg/L, 1.1539 mg/L, and 0.0096 mg/L, with

corresponding removal efficiencies of 31.02%, 22.89%, 11.18%, 19.87%, 23.18%, and KEYWORDS

22.53%, respectively. For Typha angustifolia, they were 50.7 mg/L, 11.43 mg/L, 0.0289 mg/L, Phytoremediation

0.0163 mg/L, 0.9795 mg/L, and 0.0095 mg/L, with removal efficiencies of 8.24%, 38.34%, Heavy metals

37.16%, 57.41%, 32.83%, and 34.08%, respectively. FESEM-EDX imaging revealed distinct Constructed wetlands
accumulation patterns, as Lepironia articulata tended to sequester more metals in its leaves, Lepironia articulata

whereas Typha angustifolia retained a greater proportion in the stem. These findings highlight Typha angustifolia

the complementary strengths of both macrophytes in mitigating organic and metal
contaminants through wetland-based treatment.

1. INTRODUCTION

Groundwater is an essential resource for domestic, industrial, and agricultural use, yet its quality is increasingly
threatened by contamination, particularly from heavy metals [1], [2]. These pollutants, originating from industrial
discharge, agricultural runoff, mining activities, and improper waste disposal, pose significant environmental and health
risks [3]. Heavy metal contamination disrupts aquatic ecosystems, inhibiting the growth and development of aquatic
organisms and plants, while also entering the food chain through bioaccumulation, ultimately posing severe health hazards
to humans [4]. Once accumulated in the body, heavy metals can cause neurological disorders, organ damage, and other
toxic effects, making groundwater pollution a critical issue requiring urgent remediation [5].

Various physicochemical treatment methods, including adsorption, ion exchange, electrochemical treatment,
membrane separation, and chemical precipitation, have been widely employed to remove heavy metals from contaminated
water [6]. While these techniques are effective in reducing metal concentrations, they often suffer from high operational
costs, significant energy consumption, and the risk of secondary pollution [7]. These limitations hinder their large-scale
application and drive the need for sustainable, cost-effective, and environmentally friendly alternatives [8]. Among these,
constructed wetlands (CWSs) have emerged as a promising green technology for water treatment [9]. This method utilizes
the combined physical, chemical, and biological interactions between wetland substrates, plants, and microbial
communities to remove pollutants [10]. Through processes such as adsorption, sedimentation, uptake, oxidation-reduction
reactions, microbial degradation, and biochemical transformation, CWs can effectively mitigate heavy metal
contamination while maintaining ecological balance. The remediation of heavy metal-contaminated water through
phytoremediation can employ various mechanisms, either individually or in combination. These mechanisms primarily
include phytoextraction [11], phytostabilization [12], phytovolatilization [13], and rhizofiltration [14].

Within constructed wetland systems, wetland plants play a crucial role by absorbing, accumulating, and stabilizing
heavy metals. The selection of appropriate plant species is essential to optimize phytoremediation efficiency. Among the
various candidate species, Lepironia articulata and Typha angustifolia have shown significant potential in accumulating
heavy metals from contaminated environments [15], [16]. These emergent macrophytes exhibit distinct root structures
and biomass accumulation capacities, which may influence their metal uptake and retention efficiency [17]. However,
comparative studies on their performance in controlled wetland systems remain limited[18]. Understanding the
differences in their heavy metal removal efficiency, as well as the mechanisms governing metal accumulation within
different plant tissues, is crucial for optimizing phytoremediation strategies [19].

This study experimentally evaluates the efficiency of Lepironia articulata and Typha angustifolia in removing
biochemical oxygen demand (BOD), chemical oxygen demand (COD), total suspended solids (TSS), and heavy metals
(Fe, Cu, Zn, Pb) from contaminated groundwater, and the localization and accumulation of heavy metals in different plant
structures (roots, stems, and leaves). The findings from this research provide valuable insights into optimizing constructed
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wetland systems for sustainable groundwater remediation by identifying plant species with superior metal accumulation
capacities, thereby advancing scalable phytoremediation applications and reinforcing the viability of this eco-friendly
alternative to conventional heavy metal treatment technologies.

2. METHODS AND MATERIALS
2.1  Experimental Design

A horizontal subsurface flow constructed wetland was established on University Malaysia Pahang Al-Sultan Abdullah
(UMPSA) campus (Table 1). The system was designed to maximize contact between contaminated groundwater and plant
roots by using baffles to create two distinct compartments, thus optimizing the hydraulic retention time (HRT).

Table 1. Constructed wetland system specifications

Parameter Value
Length 5.79 m
Width 2.67 m
Total Volume 7.11 m?
Number of Compartments 2
Baffle Height 0.46 m
Spacing between Baffles 0.97 m

2.2 Sampling and Analytical Methods

Weekly water samples were collected from the inlet and outlet of the treatment pond over a two-month period. Key
water quality parameters were measured: Chemical Parameters: Biochemical Oxygen Demand (BOD), Chemical Oxygen
Demand (COD). Heavy Metals: lead (Pb), zinc (Zn), iron (Fe), and copper (Cu). All analyses followed APHA Standard
Methods. Heavy metal concentrations were determined using Atomic Absorption Spectroscopy (AAS). At the conclusion
of the study, representative samples (roots, stems, and leaves) were harvested from both plant species. Samples were
prepared by cleaning, drying, and mounting on conductive stubs (using carbon tape) to prevent charging during detection
process. Field Emission Scanning Electron Analysis with Energy Dispersion X-ray (FESEM- EDX) was then used to map
and quantify heavy metal distribution within plant tissues.

2.3  Data Analysis

Removal efficiency for heavy metals was calculated as the percentage reduction between inlet and outlet
concentrations. Statistical analyses (ANOVA) were conducted to assess significant differences in performance between
the two plant species and among different compartments. Graphs and charts were generated to illustrate temporal trends
and comparative performance metrics.

3. RESULT AND DISCUSSION
3.1  Variation in COD and BODs Concentrations

Chemical oxygen demand (COD) and biochemical oxygen demand (BODs) are key parameters for assessing water
quality in both natural and engineered aquatic systems [20]. COD quantifies the total oxygen required to chemically
oxidize organic (and some inorganic) substances, while BODs measures the amount of dissolved oxygen consumed by
microorganisms over five days to break down biodegradable organic matter [21], [22]. Elevated levels of COD and BODs
typically indicate higher organic pollution, which can deplete dissolved oxygen and adversely affect aquatic life [23].
Figure 1 summarizes the weekly COD and BODs values (mg/L) recorded in each plant compartment, along with the
average concentrations across all sampling points.
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Figure 1. Variation curves of COD and BODs concentrations (mg/L) in treated effluents from Lepironia articulata and
Typha angustifolia compartments, including untreated control values. The figure illustrates weekly fluctuations and
highlights the comparative removal performance of both plant species against initial concentrations
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For Lepironia articulata, COD ranged from 17-72 mg/L (average 38.2 mg/L), with an average removal efficiency of
31.02%. For Typha angustifolia, COD ranged from 20-99 mg/L (average 50.7 mg/L), with a lower removal efficiency of
8.24%. Both species demonstrated the ability to reduce COD from higher initial levels to significantly lower
concentrations, although the effectiveness varied by week, but Lepironia articulata showed markedly higher treatment
efficiency. In the Lepironia articulata compartment, BODs ranged from (1.10-25.05 mg/L), with an overall average of
13.09 mg/L and a removal efficiency of 22.89%. In the Typha angustifolia compartment, BODs varied from (1.75-35.85
mg/L), resulting in an average of 11.43 mg/L, with a higher removal efficiency of 38.34%. Although both species
effectively reduced BOD:s levels, T. angustifolia demonstrated greater overall removal performance. These fluctuations
suggest that microbial activity, hydraulic conditions, and the growth stage of each plant may have influenced the rate of
organic matter decomposition over time.

While Lepironia articulata showed lower average COD (38.2 mg/L) than Typha angustifolia (50.7 mg/L), its BODs
values (13.09 mg/L) were slightly higher overall than those of Typha angustifolia (11.43 mg/L). This difference may be
due to each species’ unique root structures, oxygen transfer mechanisms, and microbial communities associated with their
rhizospheres[24]. Both plants displayed marked week-to-week variation in COD and BODs removal, underscoring the
dynamic nature of biological treatment processes and the potential influence of external factors. Despite inherent
variability, the data indicate that both Lepironia articulata and Typha angustifolia can significantly reduce organic
pollutants, as reflected by the drop in COD and BODs in multiple weeks. Understanding these trends is crucial for
optimizing constructed wetland design, particularly in selecting plant species and managing operational conditions (such
as hydraulic retention time and loading rates) [25].

3.2 Variation in Heavy Metals Concentrations

Heavy metals such can have detrimental effects on plant physiology, growth, and overall ecosystem stability when
present in excessive concentrations. While some of these metals (Fe, Cu, Zn) are essential micronutrients, their toxicity
emerges when accumulated beyond optimal levels. Although Fe is crucial for chlorophyll synthesis and electron transport
in plants, excessive Fe accumulation leads to oxidative stress, root browning, and impaired nutrient uptake. High Fe
concentrations can cause cell membrane damage due to excessive reactive oxygen species (ROS) production [5]. Cu plays
a vital role in enzyme activation and photosynthesis, but excessive Cu disrupts metabolic activities by damaging proteins
and enzymes. It also leads to chlorosis, root growth inhibition, and reduced water uptake, ultimately affecting plant
productivity[26]. Zn is essential for enzyme function and protein synthesis; however, an overabundance of Zn disrupts
ion homeostasis, interfering with Fe and Mn uptake, leading to stunted growth, leaf chlorosis, and root abnormalities.
Excess Zn may also inhibit seed germination [27]. Unlike Fe, Cu, and Zn, Pb has no known biological function in plants
and is highly toxic even at low concentrations. Pb accumulation impairs photosynthesis, reduces root elongation, and
disrupts enzymatic processes. It also induces ROS production, leading to oxidative damage and potential plant mortality
[28].

Figure 2 presents the weekly measurements of four heavy metals—Fe, Cu, Zn, and Pb—uwithin two separate wetland
compartments planted with Lepironia articulata and Typha angustifolia. The dataset, spanning a 10-week monitoring
period, provides both weekly fluctuations and overall averages for each species, offering insights into their respective
heavy metal retention and removal capabilities.

Pb concentrations ranged from 0.029-0.051 mg/L in Lepironia articulata (average 0.0416 mg/L, removal efficiency
11.18%) and 0.016-0.039 mg/L in Typha angustifolia (average 0.0289 mg/L, removal efficiency 37.16%). The
consistently higher Pb concentrations in the Lepironia articulata compartment suggest a lower removal capacity,
potentially due to limited uptake. In contrast, Typha angustifolia demonstrated more effective Pb removal, indicating
greater phytoextraction potential. Despite these variations, both compartments consistently maintained Pb concentrations
below 0.06 mg/L, demonstrating the wetland’s effectiveness in preventing excessive Pb accumulation in effluent water.

Zn concentrations followed a similar pattern, with Lepironia articulata exhibiting higher retention, ranging from
0.003-0.059 mg/L (average 0.0368 mg/L, removal efficiency 19.87%), while Typha angustifolia ranged from 0.001—
0.043 mg/L (average 0.0163 mg/L, removal efficiency 57.41%). The relatively elevated Zn levels in Lepironia articulata
compartments suggest a lower translocation and uptake efficiency relative to Typha angustifolia, which exhibited
markedly better Zn removal performance.

Fe concentrations showed the most substantial fluctuations throughout the study, with Lepironia articulata ranging
from 0.003-3.262 mg/L (average 1.1539 mg/L, removal efficiency 23.18%) and Typha angustifolia from 0.045-4.372
mg/L (average 0.9795 mg/L, removal efficiency 32.83%). Although Typha angustifolia showed a slightly higher average
removal efficiency, both species demonstrated comparable Fe treatment performance overall. The substantial week-to-
week fluctuations are likely influenced by external factors such as sediment resuspension, biofilm dynamics, and variable
redox conditions within the wetland compartments, all of which can significantly affect Fe mobility and availability.

Cu concentrations, though comparatively lower, ranged from 0.002—-0.033 mg/L for Lepironia articulata (average
0.0096 mg/L, removal efficiency 22.53%) and 0.001-0.034 mg/L for Typha angustifolia (average 0.0095 mg/L, removal
efficiency 34.08%). Despite nearly identical average effluent concentrations, Typha angustifolia achieved a significantly
higher removal efficiency, suggesting it was more effective in reducing Cu from a higher initial concentration. This
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discrepancy indicates a stronger uptake or adsorption capacity in Typha angustifolia, possibly due to more active root-
microbe interactions or greater surface area for metal binding.

Across both wetland compartments, heavy metal concentrations exhibited a general downward trend over time, despite
occasional spikes. This progressive decline underscores the ability of constructed wetlands to mitigate heavy metal
pollution through a combination of plant uptake, microbial biofilm activity, metal precipitation, and sedimentation
processes. The observed variations in metal retention between the two species likely stem from differences in root
morphology, biomass production, and tolerance thresholds for specific metals [29].
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Figure 2. Weekly variations in heavy metal concentrations (mg/L) of Control and after phytoremediation with Lepironia
articulata and Typha angustifolia over a 10-week period. The bar charts illustrate the temporal removal patterns of (a)
Pb, (b) Zn, (c) Fe, and (d) Cu

Comparative analysis indicates that Lepironia articulata retained higher average concentrations of Zn and Fe, whereas
Typha angustifolia exhibited lower Pb levels overall. The root structure of Typha angustifolia—characterized by an
extensive rhizome network—may enhance Pb sequestration within belowground tissues, thereby limiting its translocation
to aerial parts. Conversely, the relatively higher Zn and Fe retention in Lepironia articulata suggests a different
sequestration mechanism, potentially linked to its fibrous root system and cell wall binding properties. Previous studies
have highlighted Typha angustifolia’s superior ability to remove a broad range of contaminants due to its rapid biomass
accumulation and its rhizosphere’s role in supporting microbial interactions that facilitate metal immobilization [30].
Meanwhile, Lepironia articulata has been reported to be particularly effective in trapping suspended particles and
associated metal pollutants, which may explain its higher Zn and Fe retention [31]. These findings suggest that integrating
multiple macrophytes in constructed wetlands—either through co-planting or rotational use—could enhance overall
heavy metal removal efficiency by leveraging the complementary strengths of different species.

From a practical perspective, these results emphasize the importance of species selection, compartmental
configuration, and long-term operational strategies for optimizing wetland performance. Key management interventions,
such as maintaining stable hydraulic retention times, monitoring water chemistry (e.g., pH, redox potential), and
periodically harvesting aboveground biomass, can improve removal efficiency while sustaining plant health. By
capitalizing on the synergistic effects of different plant species, constructed wetlands provide a cost-effective and
ecologically viable alternative to more energy-intensive remediation technologies, offering resilience against fluctuating
influent loads and environmental conditions [32]. Beyond individual heavy metal retention patterns, interactions among
Fe, Cu, Zn, and Pb within constructed wetlands may influence their bioavailability, mobility, and overall removal
efficiency. These interactions occur through various physicochemical and biological mechanisms, including competition
for adsorption sites, precipitation, redox transformations, and complex formation. Understanding these inter-metallic
relationships provides deeper insight into how constructed wetlands regulate heavy metal sequestration [33].
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Metals with similar ionic properties often compete for binding sites in plant roots, microbial biofilms, and sediment
surfaces. In this study, Fe and Zn showed relatively high concentrations in Lepironia articulata, which may indicate
competitive inhibition affecting other metals. Fe, being a dominant and highly reactive metal, can outcompete Zn and Pb
for adsorption sites on organic matter and clay minerals [30]. This competition can reduce Zn availability, potentially
explaining why Typha angustifolia exhibited lower Zn retention compared to Lepironia articulata. Similarly, Cu and Zn
often exhibit antagonistic behavior in plant uptake. Cu has a higher affinity for root binding sites due to its stronger
complexation ability, potentially limiting Zn absorption in Typha angustifolia and leading to its lower Zn retention. In
contrast, Lepironia articulata, which accumulated more Zn, may have been less affected by Cu interference, possibly due
to differences in root exudate composition or rhizosphere chemistry.

Heavy metals do not exist in isolation in wetland environments; instead, they form various complexes that affect their
solubility and transport. Fe and Pb, for instance, are prone to hydrolysis and precipitation under oxidizing conditions,
forming insoluble hydroxides or carbonates. The observed fluctuations in Fe and Pb concentrations may be attributed to
periodic shifts in oxidation-reduction conditions, leading to cycles of metal precipitation and re-solubilization [34].
Moreover, Cu and Pb can form stable organic complexes with humic substances present in wetland sediments. These
complexes may reduce free Cu and Pb ion availability, leading to lower uptake by plants. This could partly explain why
Typha angustifolia retained lower Pb levels in its tissues—organic complexation may have sequestered Pb in sediment or
biofilms, reducing its translocation to plant compartments. Certain metals can facilitate or inhibit the removal of others.
For example, Fe oxides are known to act as co-precipitants, adsorbing Cu, Zn, and Pb onto their surfaces. The relatively
higher Fe retention in Lepironia articulata suggests that Fe oxides might have contributed to enhanced Zn and Pb
adsorption, preventing their further mobility. Conversely, excess Fe in water can also lead to competitive exclusion,
decreasing Zn and Cu uptake efficiency by plants.

Antagonistic interactions were also likely present between Pb and Zn. Pb tends to compete with Zn for cation exchange
sites in sediments, which may have affected Zn retention dynamics between the two plant species. In Typha angustifolia,
Pb concentrations remained lower, possibly due to stronger affinity for organic ligands in the root zone, preventing Pb
from interfering with Zn removal. In contrast, Lepironia articulata had higher Zn levels, suggesting less Pb competition
in its compartment [28]. Understanding these inter-metallic interactions is crucial for optimizing constructed wetlands for
heavy metal removal. Designing systems that promote favorable redox conditions, regulate pH stability, and enhance
microbial activity can improve metal complexation and co-precipitation, reducing free metal ion toxicity. Additionally,
pairing macrophytes with complementary metal sequestration abilities can minimize competitive inhibition and maximize
overall removal efficiency.

3.3  Comparative Analysis of Heavy Metal Accumulation Using FESEM-EDX

The FESEM-EDX micrographs (Figures 3 and 4) reveal the spatial distribution of metal particulates (highlighted in
green) on the root, stem, and leaf surfaces of both Lepironia articulata and Typha angustifolia. These observations are
reinforced by the quantitative data in Table 2, which shows the weight percentage of Fe, Cu, Zn, and Pb retained in each
plant section.

®) o ©
Figure 3. FESEM-EDX images of (a) Lepironia articulata’s root, (b) stem and (c) leave surface at 10k magnification,
showing metal particle deposition (green spots). The images indicate significant metal accumulation on stems and
leaves, suggesting active metal translocation within the plant

The root surfaces, particularly in Lepironia articulata, appear well-suited for early metal capture, while the stem
tissues in Typha angustifolia facilitate metal retention via internal aeration structures or specialized cells. Understanding
these tissue-level accumulation patterns is crucial for phytoremediation system design—particularly if selective
harvesting of above-ground biomass is employed to remove metals. Mixed-species wetlands could leverage each plant’s
strengths, with Lepironia articulata targeting metals through robust leaf translocation and Typha angustifolia sequestering
metals in the stem, potentially reducing stress on its leaves. FESEM images also indicate that, in the root sections of both
species, heavy metal particles appear smaller and more dispersed, whereas in the stem they tend to form larger, more
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complex compounds (e.g., metal chelates or precipitates). These morphological differences suggest varying chemical
environments and binding sites across plant tissues.
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Figure 4. FESEM-EDX images of (a) Typha Angustifolia’s root, (b) stem and (c) leave surface at 10k magnification,
highlighting metal deposits mainly on roots and stems (green spots). This pattern suggests metal retention primarily in
belowground and stem tissues, limiting leaf exposure

Table 2. Percentage of heavy metals weight retained in different section of plants (%)

Heavy Lepironia articulata Typha Angustifolia

metals Root Stem Leave Root Stem Leave
Fe 1.97 0.16 2.95 0 1.48 0
Cu 0.51 0.04 0.31 0.38 0 0.30
Zn 0.49 0.63 0.07 0.42 0 0
Pb 0.71 0.65 0.93 0.13 0.36 1.08

Sum 3.68 1.48 4.26 0.93 1.84 1.38

Lepironia articulata exhibits its highest total metal retention in the leaf (4.26%), followed by the root (3.68%) and the
stem (1.48%). Iron (Fe) and lead (Pb) dominate in the leaf, whereas copper (Cu) and zinc (Zn) are more uniformly
distributed between the root and leaf. While Typha angustifolia, in contrast, shows the greatest total metal retention in the
stem (1.84%), followed by the leaf (1.38%) and the root (0.93%). Iron (Fe) concentrates in the stem, while lead (Pb) is
more prevalent in the leaf. Lepironia articulata demonstrates a notable capacity to translocate metals to the leaf, as
evidenced by the elevated Fe and Pb percentages in leaf tissues. This stronger translocation capability can help remove
metals from the root zone but may increase the physiological burden on leaves [35]. Typha angustifolia, on the other
hand, retains a larger fraction of metals (especially Fe) in the stem, effectively shielding its leaves and potentially
supporting healthier growth and photosynthetic efficiency.

Species selection and compartmental design can be tailored to address specific contaminants. Where higher Fe or Pb
concentrations are present, Lepironia articulata might offer an advantage by moving these metals to leaf tissues for easier
removal. Conversely, Typha angustifolia could help maintain plant vitality by confining a portion of the metals to its
stem. By capitalizing on each plant’s specific uptake and retention patterns, a multi-species configuration in constructed
wetlands can take advantage of their complementary strengths, thereby enhancing overall metal removal from
contaminated water [34].

4. CONCLUSION

Both Lepironia articulata and Typha angustifolia demonstrated the capacity to remove organic pollutants and heavy
metals from contaminated water, as evidenced by reductions in COD, BODs, and key metal concentrations (Pb, Zn, Fe,
and Cu), albeit with differing efficiencies across parameters. On average, Lepironia articulata achieved removal
efficiencies of 31.02% for COD, 22.89% for BODs, 19.87% for Zn, 23.18% for Fe, 22.53% for Cu, and 11.18% for Pb.
In contrast, Typha angustifolia demonstrated higher average removal efficiencies for BODs (38.34%), Pb (37.16%), Zn
(57.41%), Fe (32.83%), and Cu (34.08%), but showed relatively lower COD removal (8.24%). FESEM-EDX analysis
revealed that Lepironia articulata tends to translocate a higher proportion of metals to its leaves, reflecting robust mobility
of contaminants within its tissues, whereas Typha angustifolia retains more metals in its stems, potentially preserving leaf
health. These contrasting strategies underscore the potential benefits of integrating multiple macrophytes with distinct
uptake and accumulation patterns into constructed wetlands, thereby enhancing overall contaminant removal. The results
reinforce the feasibility of using cost-effective, nature-based approaches to address water pollution and pave the way for
more sustainable, eco-friendly wastewater treatment practices.
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