
Wastewater Treatment Using Constructed Wetlands with 
Forced Flotation: Enhancing Phytoremediation through a 

Floating Typha latifolia Rhizosphere 

Abstract—This study evaluates the effectiveness of 
Constructed Wetlands with Forced Flotation (CWFF) for 
enhancing phytoremediation in wastewater treatment. The 
innovative CWFF design eliminates granular support media 
and utilizes a floating rhizosphere of Typha latifolia, facilitating 
direct interaction between contaminants and plant roots, 
thereby improving pollutant removal, degradation, and 
volatilization. Experiments were conducted under continuous 
flow conditions using both synthetic municipal wastewater 
(Chemical Oxygen Demand of 538 mg O2/L) and high-strength 
industrial wastewater from a dairy industry (Chemical Oxygen 
Demand of 8,236 mg O2/L). The CWFF system achieved 
significant removal efficiencies, including up to 99.77% 
reduction in Chemical Oxygen Demand and 99.64% reduction 
in Biochemical Oxygen Demand for industrial wastewater. The 
integration of aerobic, anoxic, and anaerobic zones facilitated 
comprehensive contaminant degradation, whereas the absence 
of granular substrates prevented clogging issues commonly 
found in traditional wetlands. These results highlight the high 
treatment capacity and operational flexibility of CWFF, 
showing its potential as a scalable and sustainable solution for 
addressing modern environmental challenges in wastewater 
management. 

Keywords—industrial  wastewater,    macrophytes,    organic 
pollution, continuous flow 

I. INTRODUCTION

The inadequate sanitation and management of industrial 
wastewater represent a critical global challenge with severe 
implications for public health and the environment [1]. It is 
estimated that 3.1% of all deaths worldwide are caused by 
unsafe or inadequate water, poor sanitation, and lack of 
hygiene [2, 3]. Globally, 46% of the population (3.6 billion 
people) lacks adequate sanitary facilities for the safe disposal 
of human waste and about 946 million people still practice 
open defecation [4]. Additionally, approximately 80% of 
wastewater returns to the environment without treatment or 
reuse, contributing to the contamination of water resources [4, 
5]. At least 2 billion people use drinking water contaminated 
with faecal matter, increasing health risks for local 
populations [4]. The release of untreated wastewater leads to 
loss of biodiversity, ecosystem degradation, and heightened 
public health hazards, including the spread of diseases such 
as cholera, typhoid fever, tuberculosis, hepatitis, and 
dysentery [6, 7]. Moreover, the growing presence of heavy 
metals in wastewater, resulting from industrial growth and 

human activities, is concerning due to their non-
biodegradable nature and potential carcinogenicity [8]. Many 
wastewater treatment facilities use outdated or inefficient 
technologies that cannot effectively remove contaminants, 
highlighting the importance of proper management to ensure 
the sustainability of business operations and meet the 
expectations of stakeholders who demand sustainable 
practices [9]. In México for example, it was estimated that, in 
the year 2000, 250 m3/s of municipal wastewater were 
generated in urban centers, while in 2012, approximately 
229.73 m3/s were discharged; projections indicate that, by 
2030, 9,200 million cubic meters of wastewater will be 
generated [10]. This scenario underscores the urgent need to 
assess and characterize wastewater quality to develop cost-
effective and sustainable treatment strategies that minimize 
impacts on health and the environment [6, 9, 11]. 

Constructed wetlands (CWs), also known as artificial 
wetlands, have emerged as effective and sustainable systems 
for wastewater treatment replicating natural wetland 
processes to remove pollutants through physical, chemical 
and biological mechanisms [12–14]. These engineered 
systems utilize the unique properties of macrophytes and 
microbial communities to apply phytoremediation techniques, 
addressing the need for efficient and low-cost treatment 
methods, especially for persistent pollutants like trace metals 
[12, 14]. Due to the characteristics of trace metal pollutions 
(such as permanence and slow natural removal), it is 
necessary to find efficient and low-cost treatment methods for 
cleaning [14]. CWs are categorized into two principal types 
based on water flow: free water surface flow CWs (FWSF 
CWs) and subsurface flow CWs (SSF CWs), with SSF CWs 
further divided into vertical flow CWs (VFC Ws) and 
horizontal flow CWs (HF CWs), according to the direction of 
water flow [15, 16]. Additionally, CWs can operate under 
batch flow or continuous flow regimes. Batch systems retain 
water for a specific time period to allow for treatment 
processes; once this time elapses, the water is drained, and a 
new batch is introduced [17, 18]. In contrast, continuous-flow 
wetlands maintain a constant, uninterrupted flow through the 
media of the system, ensuring steady movement across the 
substrate or vegetation layer, which enhances contaminant 
removal efficiency by maintaining consistent contact with 
microbial and plant communities [19]. The removal of 
pollutants in CWs involves sedimentation, adsorption, and 
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biological uptake; physically, sedimentation allows 
suspended particles to settle due to gravity, enhancing 
pollutant clearance [20]. Chemically, adsorption processes 
are crucial for removing phosphorus and heavy metals, with 
materials like iron-rich cupola slag and zeolite media 
enhancing efficiency due to their high adsorption capacities 
[21]. Biologically, macrophytes provide extensive surface 
areas that support microbial communities which are essential 
for the stabilization of organic matter and enhancement of 
filtration efficiency [10]. Vegetation in CWs not only 
influences pollutant removal processes but also contributes to 
the performance of the system, with both conventional plants 
and those with economic value being utilized [10]. Previous 
studies have reported that plants such as Typha latifolia, 
Pistia stratiotes, Carex aquatilis, Phragmites australis, and 
Alisma Plantago-aquatica show considerable removal 
efficiencies for Chemical Oxygen Demand (COD), Total 
Nitrogen (TN), Total Phosphorous (TF) and some trace 
metals in wastewater [19]. Economically, CWs offer inherent 
advantages such as being cost-effective, and requiring 
minimal energy and low maintenance [13, 22]; for instance, 
constructed wetlands have a minimal power consumption of 
3.9%, significantly reducing maintenance resources [23]. 
Additionally, the CO2 emissions from conventional 
wastewater treatment plants are almost seven times higher 
than those from vertical subsurface flow CWs, highlighting 
their environmental benefits [22, 23]. Recent advances in 
eco-technology have underscored the potential of constructed 
wetlands with forced flotation (CWFF) as progressive, 
nature-based solutions that effectively address a wide array 
of chemical and biological contaminants, offering an 
economically and energetically favorable alternative for the 
treatment of open water systems [22, 24–26]. The overall 
performance of CWs is influenced by factors such as ambient 
temperature, hydraulic load, vegetation type, and media used, 
which collectively determine the ability of the system to adapt 
and to process efficiently diverse wastewater inputs [27]. This 
strategic design addresses limitations of traditional substrates, 
enhancing absorption capacities and facilitating water flow 
through essential oxygenation phases necessary for optimal 
contaminant degradation [25, 26]. 

Phytoremediation within Constructed Wetlands with 
Forced Flotation (CWFF) has emerged as a promising 
solution to address the challenges of high contaminant loads 
in wastewater [26]. This sustainable approach harnesses the 
innate abilities of aquatic macrophytes, such as Typha 
latifolia, and their symbiotic microbial communities to 
remove pollutants through adsorption, uptake, and 
transformation processes [28–31]. Specifically, Typha 
latifolia has been extensively documented for its robust 
growth in diverse environmental conditions, well-developed 
root architecture, and high tolerance to both organic and 
inorganic pollutants. Its rhizosphere supports dense microbial 
biofilms that enhance pollutant degradation, making Typha 
latifolia particularly effective in phytoremediation processes 
[25, 29]. The plant’s ability to thrive in nutrient-rich or 
oxygen-limited waters, combined with their capacity for 
rapid biomass production, further underscore their suitability 
for continuous-flow wetlands. These characteristics allow 
Typha latifolia to keep consistent pollutant uptake and 
degradation rates, offering a resilient and adaptable platform 

for wastewater treatment. The presence of microbial biofilms 
in the rhizosphere enhances the degradation and stabilization 
of contaminants, making phytoremediation a dynamic and 
effective method [29, 31]. CWFF systems effectively 
leverage these biological processes to remove a wide array of 
contaminants, including nutrients, organic pollutants, solids, 
and pathogens, under varying load conditions [28]. The 
efficacy of this method is influenced by factors such as plant 
species selection, growth conditions, and environmental 
parameters like pH, light, and temperature [31, 32]. Recent 
studies have reported that CWFF can significantly reduce 
high loads of contaminants, offering a cost-effective and 
environmentally benign alternative to traditional wastewater 
treatment methods [28]. 

Nevertheless, although Typha latifolia has been commonly 
studied in conventional wetlands, often with emphasis on 
heavy metals uptake [14], relatively few studies have 
investigated the plant under a forced-flotation condition for 
high-strength organic pollution removal. Most conventional 
constructed wetlands also use granular media, which may 
clog and needs intensive maintenance. By contrast, our 
CWFF method totally avoids granular support, quickly 
optimizing contact between roots, microbial biofilms, and 
contaminants. This design improves the degradation of 
pollutants in aerobic and anoxic/anaerobic zones and extends 
the applications of Typha latifolia phytoremediation beyond 
removal of trace metals. This approach allows our results to 
make a strong case for using forced flotation (a proven but 
underutilized system) as a continuous flow, effective, 
scalable, and resilient biological treatment of high-strength 
effluents; specifically, our approach targets the removal and 
degradation of organic matter, making our research most 
relevant to novel effluents of modern wastewater technology. 

In response to these challenges, in this study we present 
results obtained from our own prototype reactor to assess and 
compare the efficiency of Constructed Wetlands with Forced 
Flotation (CWFF) in removing organic matter, settleable 
solids, and total solids against established systems like Free 
Water Surface Flow Constructed Wetlands (FWSFCW) and 
Sub-Surface Flow Constructed Wetlands. Experiments are 
conducted under various hydraulic retention times using 
synthetic COPAS wastewater [33] and industrial wastewater 
with excessive organic matter; those experiments aim to 
demonstrate that the CWFF system can significantly surpass 
traditional methods. Additionally, the study evaluates 
pollutant removal in each segment of the prototype—
comprising aerobic, anoxic, and anaerobic zones—and 
investigates the organic removal mechanisms occurring 
within the reactor. The experiments are performed in 
continuous mode, utilizing a total operational volume of 240 
liters (63.4 gallons), encompassing both the treatment water 
volume and the rhizosphere volume occupied. This research 
seeks to underscore the potential enhancements in treatment 
efficacy offered by CWFF, emphasizing its adaptability to 
variable environmental conditions and its feasibility for 
scaling in diverse applications. 

II. LITERATURE REVIEW 

A. Overview of Traditional Constructed Wetlands (CWs) 

Constructed   Wetlands (CWs)  have  been   developed  as 
sustainable alternatives to conventional wastewater treatment 
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methods, drawing inspiration from natural wetland 
ecosystems. The initial implementation of CWs began in the 
1950s in Germany, with the first full-scale operational system 
in the 1960s [15]. These engineered systems aim to replicate 
the physical, chemical, and biological processes inherent in 
natural wetlands to remove pollutants such as degradable 
organic matter, nitrogen, and phosphorus from wastewater 
[15, 26, 28, 34].  

The primary components of CWs include waterproof basin, 
filter materials, wetland plants, and inlet and outlet structures. 
Filter materials serve as a medium for microbial growth, 
which is crucial for the degradation of organic pollutants and 
the transformation of nitrogen compounds- The design and 
area required for CWs depend on the quality and quantity of 
the wastewater to be treated, as well as the root depth of the 
plants to ensure effective contact with the flowing water [15]. 
Additionally, the performance is significantly influenced by 
factors such as surface loading rates and residence time. 
Research indicates that the efficiency of these systems is not 
only determined by surface loading rates—calculated by 
dividing the daily or hourly flow (Q) by the gross surface area 
of the tank (A)—but also by the time the water remains within 
the system.  

The flow Q through a CW can be described by the Eq. (1): 

ሺ𝑆𝐿𝑅ሻ ൌ
ொ

஺
                                       (1) 

where A is the surface area CW. Q/A is known as the surface 

loading rate (SRL) and is expressed as 
௠య

௛⋅௠మ, 
௠

௛
 or 

௠௠

௦
. 

This relationship highlights the importance of both flow 
characteristics and the residence time for the effective settling 
of particles, which is influenced by their size, concentration 
and the turbulence within the system. 

CWs are classified based on water flow patterns into FWSF 
CWs and SSF CWs [16, 29, 30]. Additionally, CWs can 
operate under batch flow or continuous flow regimes [17–19].  

B. Mechanisms of Phytoremediation in CWs 

Phytoremediation within CWs leverages the natural 
abilities of plants and their symbiotic microbial communities 
to remove, degrade, or stabilize contaminants in wastewater 
[26]. Phytoremediation mechanisms employed by aquatic 
macrophytes include rhizofiltration, phytoextraction, 
phytovolatilization, phytodegradation and 
phytotransformation [35]. These processes enable plants to 
absorb nutrients and contaminants from water, effectively 
reducing levels of nutrients, organic pollutants, solids, and 
pathogens under varying load conditions [26]. 

Aquatic plants utilize various physiological and 
morphological adaptations to remove contaminants through 
adsorption, uptake, and transformation processes [29–31]. 
The effectiveness of phytoremediation involves factors such 
as transpiration rates and root biochemistry. Environmental 
parameters like pH, light, and temperature also play 
significant roles in the efficiency of these processes [31, 32]. 
Moreover, the presence of microbial biofilms within the 
rhizosphere enhances the stability and degradation capacity 
of CWs, contributing to the dynamic nature of 
phytoremediation [29, 31]. 

C. Role of Macrophytes in Pollutant Removal 

Macrophytes are integral to the functionality of CWs, 
significantly influencing pollutant removal processes and 

overall system performance [10, 36]. Both conventional 
plants and those with economic value are utilized in CWs to 
optimize treatment efficiency. Studies have shown that plants 
such as Typha latifolia, Pistia stratiotes, Carex aquatilis, 
Phragmites australis, and Alisma plantago-aquatica exhibit 
considerable removal efficiencies for trace metals (TMs) in 
wastewater, as illustrated in Fig. 1 [14].  

Typha latifolia, in particular, has been identified as a potent 
hyper accumulator, demonstrating the ability to reduce 
chromium content by up to 96.7% in tannery wastewater 
treatment [37]. This species is highly productive, well-
adapted to waterlogged conditions and anoxic soils, and 
contributes to the soil carbon pool [38]. Typha species are 
also excluder plants for metals like Co, Cu, and Pb, showing 
high tolerance to phytotoxic concentrations in sediments and 
tissues [39]. 

 

 
Fig. 1. A) Phragmites australis, B) Alisma plantago-aquatica, C) Carex 

aquatilis, D) Typha latifolia, E) Pistia stratiotes. 

 
Floating macrophytes perform several roles in CWs, 

including stabilization, nutrient retention, enhancement of 
microbial communities, removal of toxic substances, and 
tolerance to complex wastewater effluents [37]. For instance, 
Typha latifolia and Typha angustifolia have been shown to 
contribute to nutrient removal from dairy wastewater, with 

Within CWFFs, biofilms on aquatic plant roots play a 
pivotal role in detoxifying water by removing organic 
nutrients, heavy metals, and emerging pollutants such as 
antibiotics, pesticides and hormones [22]. Unlike traditional 
CWs that rely on substrates like gravel and sand (which may 
impede efficient nitrification and restrict the removal of 
certain contaminants), CWFFs utilize substrates that enhance 
absorption capacities and facilitate water flow through 
essential oxygenation phases (aerobic, anaerobic, and anoxic) 
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plant uptake accounting for significant reductions in Total 

Kjeldahl Nitrogen (TKN), ammonium (NH₄⁺), and Total 

Phosphorus (TP) [4]. 

D. Advances in CWFFs 

Constructed Wetlands with Forced Flotation (CWFF) have 

emerged as an innovative natural method for treating surface 

water bodies and restoring ecological processes [26]. CWFF 

systems utilize floating beds that support plant growth and 

enhance the denitrification potential, thereby improving the 

overall efficiency of nitrogen removal [24]. These systems 

effectively address a wide array of chemical and biological 

contaminants, offering an economically and energetically 

favorable alternative to traditional wastewater treatment 

methods [22]. 



  

necessary for optimal contaminant degradation [25, 26]. 
 

 
Fig. 2. Forced flotation mechanisms reported in the literature: A) E. Ntagia, 
et al. [22], B) M. I. Choudhury, et al. [24], C) G. A. Oliveira, et al. [40], D) 

G. A. Oliveira et al. [40], E) D. Arivukkarasu, et al. [26], and F) L. H. 
Bauer, et al. [41]. 

 
Field studies have demonstrated the effectiveness of 

CWFFs in various environmental conditions. For example, 
implementations in Sweden showed that strategic aeration 
supports macrophyte health and benefits treatment 
performance even in cooler temperatures and increasing 
hydraulic retention time during colder months benefits 
treatment performance [15, 24]. Additionally, integrating 
floating beds contributes to a circular economy by utilizing 
biomass post-harvest to alleviate local environmental 
pressures, with active harvesting strategies playing a crucial 
role in limiting re-pollution of water bodies (Fig. 2) [22]. 

E. Challenges and Future Directions 

Despite the advantages of CWs and CWFFs, several 
challenges persist, particularly concerning system clogging 
and maintenance. Clogging can be physical, chemical, or 
biological, and it is influenced by factors such as substrate 
porosity, hydraulic load, oxygen supply conditions, organic 
loading, water depth and plant species. Addressing clogging 
is essential for improving the purification effect of CWs, and 
future research should focus on combining anti-clogging 
strategies with purification enhancements [42]. 

Understanding the correlation between treatment 
performance and hydraulic behavior is crucial for optimizing 
CW functionality [12]. Advancements in eco-technology, 
such as the development of CWFFs, offer promising solutions 
to these challenges. By enhancing absorption capacities and 
facilitating effective water flow, CWFFs address limitations 
associated with traditional substrates, leading to improved 
efficiency and sustainability in wastewater treatment [25, 26]. 

Future directions include further exploration of plant 
species with high removal efficiencies, optimization of 
operational parameters, and integration of CWs into broader 
environmental management strategies. Emphasizing the role 
of CWs in a circular economy framework (such as utilizing 
biomass post-harvest) can contribute to environmental 
sustainability and resource recovery [22].  

III. MATERIALS AND METHODS 

A. Design and Implementation of the CWFF 

The basis of this study is the development of an innovative 
Constructed Wetland with Forced Flotation (CWFF) system, 

engineered to enhance wastewater treatment under 
continuous flow conditions. Departing from traditional 
constructed wetlands, the CWFF integrates forced flotation 
techniques to improve the removal efficiency of organic and 
inorganic pollutants [5, 26]. 

Inspired by the dynamic wetland configuration proposed 
by Chang et al. [43], our CWFF prototype features a series of 
interconnected chambers that create a serpentine flow path, 
inducing sequential downflow and upflow movements. 
Wastewater enters through a single inlet, ensuring an even 
distribution of the influent load across the system. As the 
wastewater advances through each chamber, the contaminant 
levels progressively decrease due to the sustained microbial 
and phytoremediation processes. This configuration helps to 
prevent short-circuiting and dead zones, thereby promoting a 
more uniform interaction between the wastewater, the plant 
roots, and the treatment media. Additionally, a constant 
inflow rate was maintained to stabilize hydraulic conditions 
and ensure that the effluent moves uniformly across each 
chamber. As wastewater traverses moves through the 
chambers, it experiences varying redox conditions 
(transitioning through aerobic, anoxic, and anaerobic zones) 
which are crucial for facilitating a comprehensive range of 
biochemical reactions necessary for contaminant breakdown 
[24]. 

Fig. 3. Distribution of zones, in continuous flow. 
 

Fig. 3 illustrates the schematic layout of the CWFF system, 
comprising twelve distinct zones. Each zone is meticulously 
designed to contribute uniquely to the overall treatment 
process, promoting a balanced and continuous flow 
throughout the system. This strategic segmentation enhances 
the degradation of complex pollutants and supports a diverse 
microbial ecosystem essential for effective biodegradation. 

B. Adaptation of Typha Latifolia for the CWFF 

A pivotal element of the CWFF system is the utilization of 
the macrophyte Typha latifolia. Traditionally an emergent 
plant thriving in soil-based or gravel substrates, Typha 
latifolia required significant adaptation to function 
effectively in the floating environment of the CWFF. We 
undertook a physiological conditioning process to acclimate 
the plants to grow without conventional substrates, enabling 
them to absorb nutrients directly from the water column while 
tolerating full sunlight exposure. This adaptation is crucial, as 
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it allows the plants to maintain robust growth and metabolic 
activity within the CWFF, thereby enhancing pollutant 
removal through phytoremediation mechanisms [38, 39]. 

The Typha latifolia plants used in this study were collected 
from Xochimilco Park, in Mexico City (coordinates: 19.2974, 
–99.0945, where they are native. Well established 80 cm tall 
plants with most of the rhizosphere removed were used. They 
were subsequently introduced into the CWFF prototype in 
synthetic wastewater, which served as the growth medium for 
the first parameter. In this adaptation to forced flotation the 
plants established new roots and microbial biofilms almost 
immediately under continuous flow conditions enabling them 
to work effectively without soil or gravel support. 

The adapted root systems of Typha latifolia provide 
extensive surface areas for microbial colonization, fostering 
symbiotic relationships that enhance the biological 
degradation of contaminants [5]. The interactions between 
the plant roots and the microbial communities facilitate the 
breakdown of organic matter, nutrients, and other pollutants 
present in the wastewater [37]. 

C. Selection and preparation of Wastewater Samples 

To evaluate the performance of the CWFF system under 
realistic conditions, we utilized both synthetic and real 
wastewater samples. Initially, several synthetic wastewater 
formulations were considered [44, 45]; however, to closely 
replicate the characteristics of municipal wastewater and 
ensure consistency in our experiments, we adopted the 
COPAS synthetic wastewater recipe as described by Prieto et 
al. (2019) [33]. 

The COPAS formulation involves dissolving powdered cat 
food—comprising approximately 40% proteins, 17% fats, 
and 43% carbohydrates—in water to achieve a target 
Chemical Oxygen Demand (COD) of around 540 mg O2/L. 
This composition effectively simulates the organic load found 
in urban wastewater, providing a consistent and reproducible 
medium for treatment studies. The use of COPAS offers 
multiple advantages: it reduces preparation time and costs; its 
particles rapidly release organic carbon and nitrogen, 
facilitating microbial metabolism; and it has been 
demonstrated to be highly biodegradable, producing about 
60% of the theoretical methane yield after 45 days of 
anaerobic incubation [33]. 

For the subsequent phase of the study, untreated high-
strength wastewater was fed directly from a dairy industry 
facility. This real wastewater presented a complex matrix of 
organic pollutants, allowing us to assess the CWFF’s efficacy 
in treating industrial effluents under continuous flow 
conditions. It also enabled the evaluation of the effectiveness 
of the rhizosphere as a substantial biofilter and habitat for 
diverse bacterial communities within the CWFF system. 

D. Experimental Setup and Operational Parameters 

The CWFF system was constructed with a total operational 
volume of 240 liters (63.4 gallons), encompassing both the 
volume of water to be treated and the space occupied by the 
rhizosphere. The system was designed to operate under 
continuous flow conditions, with hydraulic retention times 
(HRTs) carefully adjusted to investigate their impact on 
treatment efficiency [6, 12]. Wastewater was introduced into 
the system at controlled flow rates to maintain steady-state 

conditions and ensure optimal interaction with the treatment 
media. 

To evaluate the performance of the CWFF under varying 
conditions, three distinct experiments were conducted: 

Experiment 1: The CWFF was tested using synthetic 
wastewater (SWW) prepared with a COD of 540 mg O2/L. 
Six runs were performed at different HRTs of 12, 24, 36, 48, 
60, and 70 hours. For each HRT, the system was operated 
continuously for at least 15 days to reach steady-state 
conditions before samples were collected. This allowed the 
microbial communities to acclimate to each specific HRT, 
ensuring reliable results [6, 12]. 

Experiment 2: To verify the reproducibility of the results 
from Experiment 1, the procedure was duplicated under 
identical conditions, with each HRT maintained for at least 
15 days before sampling. This replication confirmed the 
consistency and reliability of the CWFF’s performance data.  

Experiment 3: The CWFF was tested with 160 liters of 
untreated high-strength dairy industry wastewater, 
characterized by a COD of 8,236 mg O2/L, Total Solids (TS) 
of 13,424 mg/L, Suspended Solids (SS)| of 4,276 mg/L, pH 
of 5.08, and electrical conductivity of 590 μS/cm. Artificial 
aeration was introduced to maintain adequate oxygenation 
levels required for aerobic processes [5]. The system was 
operated continuously for at least 15 days before sampling to 
ensure steady-state conditions under the high organic load. 

Throughout all experiments, samples were collected at 
various locations within the CWFF system corresponding to 
the different redox zones—aerobic, anoxic, and anaerobic. 
Key parameters such as COD, total solids, and settleable 
solids were monitored to evaluate pollutant removal 
efficiency in each segment [8, 14]. This approach provided a 
detailed assessment of the biological and physicochemical 
processes occurring within the system. 

E. Hydrological and Biological Engineering 

The CWFF system innovatively combines hydrological 
design with biological processes. Its forced flotation 
mechanism enhances contact between wastewater, 
macrophyte roots (Typha latifolia), and microbial 
communities, facilitating efficient pollutant degradation 
through phytoremediation and microbial activity [7, 34, 36]. 
Eliminating soil or gravel substrates overcomes limitations of 
traditional wetlands, such as clogging and large space 
requirements [37, 42]. This floating design offers flexibility 
and scalability, suitable for diverse settings, including areas 
with limited space. 

The adjustable hydraulic retention times of the system and 
its capacity to handle varying organic loads make it adaptable 
for treating both municipal and industrial wastewater [5, 26]. 
Incorporating artificial aeration, when necessary, enhances 
oxygen transfer, supporting aerobic microbial processes 
essential for breaking down complex organic compounds [5]. 

In summary, the CWFF provides a sustainable and 
efficient approach to wastewater treatment, representing a 
viable alternative to conventional methods with significant 
potential for environmental management and pollution 
reduction [26]. 

F. Monitored Parameters 

Considering the chemical analysis that is going to be 
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performed to evaluate the efficiency of CWFF in removing 
the organic pollutants, COD, Biochemical Oxygen Demand 
(BOD₅), Total Suspended Solids (TSS) and TS were analyzed 
as well as pH and Electrical Conductivity (EC). This 
combination effectively captures organic loading and settling, 
as well as basic physicochemical conditions in the wastewater, 
in line with our research goal of testing the feasibility of 
forced flotation under high-strength organic conditions. 

All analyses were performed following the Standard 
Methods for Examination of Water and Wastewater: a) COD 
was determined by the closed reflux colorimetric method 
(Standard Method 5220D), b) BOD5 was determined using 
the 5-day BOD test (Standard Method 5210B), c) TSS and TS 
was determined using the gravimetric method (Standard 
Method 2540D), and d) pH and EC measuring devices were 
calibrated according to the manufacturer instructions and 
verified periodically for accurate results. Each parameter was 
measured in triplicate for every sample collected, ensuring 
the statistical reliability of the data. 

For other phytoremediation studies, it has been shown that 
Typha latifolia has a large potential for heavy metal uptake; 
however, heavy metals were not analyzed in this study on 
purpose. We show that high-efficiency removal of organic 
pollutants can be achieved without granular media and with 
the new forced-flotation design, using high-strength 
wastewater from the dairy industry as the inflow. Such an 
approach opens further research interests over other trace 
metals and emerging pollutants, building from the findings 
reported here. 

IV. RESULT AND DISCUSSION 

A. Synthetic Wastewater 

To evaluate the effectiveness of the Constructed Wetland 
with Forced Flotation (CWFF), both synthetic wastewater 
(SWW) and industrial wastewater were characterized for key 
parameters relevant to organic pollutant removal. Table 1 
presents the average values of Chemical Oxygen Demand 
(COD), Biochemical Oxygen Demand over 5 days (BOD5), 
Total Suspended Solids (TSS), Total Solids (TS), pH, and 
Electrical Conductivity (EC) for both wastewater types. 

The SWW exhibited values similar to those of typical 
domestic wastewater in terms of COD, TSS, TS, pH, and EC 
[33]. The higher BOD5 value indicates a greater proportion of 
readily biodegradable organic matter due to the use of cat 
food in the COPAS formulation [28]. A BOD5/COD ratio 
greater than 0.5 (specifically 0.617) suggests that the SWW 
is highly amenable to biological treatment processes [5]. 

 
Table 1. Characterization of the used wastewater 

Parameter 
Synthetic wastewater 
Average value (mg/L) 

Industrial wastewater 
Average value (mg/L) 

COD 538 8,236 
BOD5 332 3,192 

BOD5/COD 0.617 0.387 
TSS 455.5 4,276 
TS 691.5 13,424 
pH 7.45 5.08 

E.C. 419 590 

 
In contrast, the industrial wastewater from the dairy 

industry showed significantly elevated pollutant 
concentrations, with COD and TSS values approximately 15 

times higher than those of the SWW. The high organic load 
(COD of 8,236 mg/L) presents a substantial challenge for 
treatment systems. The lower BOD5/COD ratio of 0.387 
indicates the presence of more complex, less biodegradable 
organic compounds, necessitating more robust treatment 
strategies [34]. 

B. Constructed Wetland in Forced Flotation (CWFF) 

The CWFF system demonstrated remarkable adaptability 
and effectiveness in treating both SWW and industrial 
wastewater. The rhizosphere of Typha latifolia replaced 
traditional support media like gravel, addressing common 
issues such as clogging and maintenance [5, 40]. This design 
leverages the extensive root systems of the macrophytes to 
enhance microbial colonization and pollutant degradation [29, 
31].   

 

Fig. 4. A) System at the start of operations; B) system with 5 weeks of 
maturation; C) system with 4 months of maturation; and E) complete 
growth of the rhizosphere throughout the forced flotation container. 

 

The unique CWFF design allows for both upward and 
downward water flow through interconnected polyethylene 
containers, promoting uniform distribution and contact 
between the wastewater and the plant roots. This 
configuration facilitates various redox condition (ranging 
from aerobic to anaerobic and anoxic zone) essential for the 
comprehensive breakdown of contaminants [24, 31]. In our 
CWFF design (Fig. 4), zones 1,6,7 y 12 mainly work under 
aerobic conditions through forced aeration and oxygen 
exchange on the surface, favoring oxidation of organic matter 
and addition of nitrification. However, these aerobic zones 
are highly energy-rich, so that, in the anoxic stages (zones 2, 
5, 8 y 11), denitrification occurs due to the reduction of 
aerobic-nitrate to nitrogen gas. Lastly, zones 3, 4, 9 y 10 are 
anaerobic zones, which allow the degradation of larger 
compounds and sulphate reduction. Such proposed 
arrangement of individual redox conditions enables 
sequential biochemical transformations for thorough 
contaminant degradation. 

Notably, Typha latifolia achieved growth heights of up to 
four meters within the CWFF system, surpassing typical 
growth observed in traditional constructed wetlands (Fig. 5) 
[37]. This robust growth indicates successful adaptation to the 
floating conditions and reflects the plants high capacity for 
nutrient uptake and biomass production under controlled 
experimental conditions. 

C. Experiment 1 and 2: Synthetic Wastewater 

Integrating the three oxygenation zones—aerobic, anoxic, 
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and anaerobic—within the CWFF system significantly 
enhanced the removal of contaminants that are challenging to 
eliminate under aerobic conditions alone. The aerobic zones 
facilitated the oxidation of organic matter and the conversion 
of ammonium to nitrate through nitrification [17]. 
Subsequently, the anoxic zones enabled denitrification, 
transforming nitrate into nitrogen gas and preventing ion 
accumulation in the system. The anaerobic zones contributed 
to the reduction of sulfates to sulfides, aiding in the 
degradation of more complex and recalcitrant compounds. 

 

 
Fig. 5. COD for experiments 1 and 2. 

 

 
Fig. 6. BOD5 for experiments 1 and 2. 

 
This stratification of redox conditions within the CWFF 

created a dynamic environment that supports diverse 
microbial communities, each adapted to specific oxygen 
levels, thereby enhancing overall treatment efficiency [15,31]. 
The unrestricted transition between zones ensures that 
pollutants undergo multiple degradation pathways, 
maximizing removal rates. 

Fig. 5 and Fig. 6 illustrate the levels of COD and BOD5 in 
the effluent over a range of hydraulic residence times (HRTs) 
from 0.5 to 3 days (12 to 72 hours). The effluent quality is 
evaluated against the standards specified in 40 CFR Part 133: 
Secondary Treatment Regulation by the United States 
Environmental Protection Agency (EPA), which sets 
permissible limits for COD and BOD5 in treated wastewater 
discharges [46]. The results indicate that BOD5 
concentrations remain well below the EPA permissible limit 
at all tested HRTs, demonstrating effective removal of 

biodegradable organic matter and a low residual load of such 
compounds in the effluent. 

In the case of COD (Fig. 5), effluent values remain below 
the permissible limit for HRTs of 1.5 days and longer. At an 
HRT of 1 day, the BOD5/COD ratio is 0.16, which is below 
the threshold value of 0.2. This low ratio suggests that the 
remaining organic matter consists of compounds with low 
biodegradability, a typical feature of industrial wastewater. 
Such conditions often necessitate the use of physicochemical 
treatment processes for effective removal. However, our 
experimental results demonstrate that, with a minimum HRT 
of 1.5 days, the CWFF system utilizing Typha latifolia 
effectively reduces COD levels below regulatory limits. This 
finding highlights the metabolic capacity of the plants and the 
efficiency of the CWFF system in degrading fewer 
biodegradable compounds, showing its potential for treating 
industrial wastewater through biological processes. 

 
Fig. 7. TSS and TS for experiments 1 and 2. 

 
Fig. 7 illustrates that the majority of TSS removal occurs 

within the initial 12% to 25% of the CWFF system. Within a 
hydraulic residence time of just one day, the system achieves 
approximately 95% of the TSS reduction, resulting in effluent 
concentrations below 20 mg/L. This high removal efficiency 
is primarily due to sedimentation and filtration processes 
enhanced by the dense vegetation of Typha latifolia within 
the system. 

In contrast to conventional constructed wetlands where 
solids are trapped within substrate materials like gravel or 
sand, the absence of such substrates in our CWFF allows 
suspended solids to be directly intercepted by the extensive 
rhizosphere. The roots of Typha latifolia act as a natural filter, 
capturing solids which are then rapidly degraded by 
associated microorganisms or absorbed by the macrophytes 
themselves. This mechanism not only enhances TSS removal 
but also minimizes the risk of substrate clogging, a common 
issue in traditional systems [40, 42]. 

D. Experiment 3: Industrial Wastewater 

An experiment was conducted to evaluate the efficiency of 
the CWFF system under industrial conditions, as show in Fig. 
8. Specifically, high-strength wastewater with elevated 
organic content from a dairy industry was analyzed. During 
the experimental run, it was observed that fats present in the 
industrial wastewater adhered to the stems of the 
macrophytes (Typha latifolia); that was due to differences in 
static charge between the fats and the plant surfaces. This 
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adhesion prevented the formation of a surface film (mirror 
effect) that could otherwise hinder the penetration of solar 
radiation into the water column. By preventing this film 
formation, solar radiation was able to penetrate the water, 
enhancing photosynthetic activity and supporting aerobic 
microbial processes. 

 
Fig. 8. Distribution of zones, experiment 3. 

 
Additionally, the adhesion of fats to the macrophyte stems 

prevented the accumulation of these lipids within the 
rhizosphere, thereby avoiding potential clogging of the root 
zone. This maintenance of clear hydraulic pathways ensured 
unimpeded flow of nutrients and oxygen, facilitating their 
subsequent degradation by microorganisms and 
phytoremediation processes. The results indicate that the 
CWFF system effectively manages high-fat-content 
wastewater by leveraging the physical and biological 
properties of the macrophytes to maintain system 
functionality and enhance contaminant removal. 

The experiment demonstrated that an influent with a high 
pollutant load, specifically a COD of 8,236 mg/L, was 
reduced to an average value of 130 mg/L, as shown in Fig. 9. 
This substantial reduction corresponds to a COD removal 
efficiency of 99.77% and suggests high microbial activity and 
an efficient filtration process within the rhizosphere of Typha 
latifolia. 

 

 
Fig. 9. COD and BOD5 sampled in the 6 zones of CWFF in experiment 

3. 
  

Similarly, the system achieved a 99.64% removal of BOD₅, 

indicating effective degradation of biodegradable organic 
matter. Fig. 10 illustrates a significant decrease in the levels 
of Total Suspended Solids (TSS) and Total Solids (TS), 
further confirming the system efficiency in removing 
particulate matter. 
 

 
Fig. 10. TS and TSS sampled in the first 6 zones of CWFF. 

 
It is important to note that in both Fig. 9 and Fig. 10, there 

is a pronounced change in the slope between zones 3 and 4. 
This change corresponds to the transition from downward to 
upward flow within the CWFF system, which enhances the 
rhizofiltration process and the degradation of organic 
contaminants. The upward flow increases contact between 
the wastewater and the macrophyte roots, facilitating greater 
pollutant uptake and microbial activity. 

These results underscore the effectiveness of the CWFF 
system in treating high-strength industrial wastewater. The 
significant reductions in COD, BOD₅, TSS, and TS 
demonstrate the system capability to handle elevated 
pollutant loads. The enhanced performance between zones 3 
and 4 highlights the critical role of flow configuration and 
rhizosphere processes in maximizing contaminant removal. 
Overall, the CWFF presents a promising solution for 
sustainable industrial wastewater treatment, combining 
efficient pollutant degradation with operational adaptability. 

V. CONCLUSION 

This study evaluated the efficacy of Constructed Wetlands 
with Forced Flotation (CWFF) for wastewater treatment, 
demonstrating that removing granular support media and 
implementing a forced floating rhizosphere significantly 
enhance phytoremediation processes. By utilizing the 
macrophyte Typha latifolia in a floating configuration, the 
CWFF system facilitates the removal, degradation, and 
volatilization of pollutants, allowing contaminants to come 
into closer contact with bacterial flora and enhancing 
microbial activity. 

The experimental results showed that the CWFF system 
effectively treated both synthetic municipal wastewater and 
high-strength industrial wastewater from a dairy industry. 
Notably, the system achieved a 99.77% reduction in 
Chemical Oxygen Demand (COD) and a 99.64% reduction in 
Biochemical Oxygen Demand over 5 days (BOD₅) when 
treating industrial wastewater with an initial COD of 8,236 
mg/L. The integration of aerobic, anoxic, and anaerobic zones 
within the CWFF created optimal conditions for a variety of 
biochemical processes, including nitrification, denitrification, 
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and anaerobic degradation, leading to comprehensive 
contaminant removal. 

The absence of granular substrates in the CWFF mitigated 
common issues associated with traditional constructed 
wetlands, such as clogging and maintenance challenges. The 
forced flotation design enhanced the interactions between 
wastewater, plant roots, and microbial communities, resulting 
in efficient filtration and degradation of organic matter, 
nutrients, and suspended solids. Additionally, the system 
adaptability to different hydraulic retention times (HRTs) 
demonstrated its operational flexibility, with optimal 
performance observed at HRTs between 24 and 60 hours. 

Based on our findings, we conclude that forced flotation is 
a promising and sustainable technique for wastewater 
treatment. When paired with artificial aeration, the CWFF 
system enhances biodegradation processes and ensures 
viability under diverse environmental conditions. This 
approach offers a scalable and effective model for wastewater 
treatment across various scenarios, from municipal sewage to 
industrial effluents, highlighting its relevance in modern 
environmental engineering. 

However, it should be emphasized that there are some 
limitations of CWFF technology. For example, systems of 
this type might need bigger plots of land, which can be 
difficult to come by in congested urban centers or in areas 
with scarce resources. Moreover, external variables like 
ambient temperature, necessary solar hours for crop growth, 
and influent water quality can substantially affect 
performance. Sometimes, additional remedies (e.g., artificial 
aeration or thermal insulation) are needed to achieve optimal 
conditions for microbial metabolic activity and plant growth. 
Tackling these issues necessarily implies more operational 
complexity or cost, which must be balanced with the 
advantages that CWFF brings in every local scenario. 

In comparison with conventional systems such as activated 
sludge or physicochemical treatments, which usually involve 
higher energy demand, specific chemical reagents and trained 
personnel, CWFF presents a more sustainable approach. It 
minimizes dependence on external inputs, reduces risks of 
clogging and makes maintenance and operational cost 
simpler by taking advantage of natural degradation and 
absorption processes. Furthermore, the floating macrophyte 
concept reduces the carbon footprint of the system and can be 
integrated into the landscape aesthetically, simulating an 
aquatic garden. Altogether, these characteristics support 
CWFF as a green, sustainable treatment option in a wide 
variety of contexts. 
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