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ABSTRACT  
This systematic review evaluates the use of Eichhornia crassipes as a phytoremediation 

agent in Mexico, based on scientific studies published between 1990 and 2023 following 

PRISMA guidelines. The analyzed works were classified into four categories: heavy-metal 

removal (54%), treatment of water with high organic load (15%), dye removal (18%), and other 

uses (13%). The geographical analysis identified the Mexican states where biomass was 

collected for phytoremediation experiments. In heavy-metal removal, 87.5% of studies 

specified collection sites, mainly in the State of Mexico; in organic-load treatment, 66.7% 

reported works in Baja California Norte, Sinaloa, Tabasco, and Tlaxcala; while in dye removal, 

87.5% documented biomass origin, mostly from Mexico City. Results across categories showed 

reproducible performance in both field and laboratory conditions. For metal remediation, E. 

crassipes exhibited high bioaccumulation capacity, with removal efficiencies of about 90% for 

Pb and 85% for Cd, concentrated in roots. In waters with high organic content, constructed and 

free-surface wetland systems achieved reductions above 60–90% in COD, BOD₅, total nitrogen, 

and phosphorus, depending on design and retention time. It should be emphasized that the dye-

related studies using Eichhornia crassipes tissues as a metabolically inactive sorbent, rather 

than in situ phytoremediation based on living plants.  Regarding dyes, cyclic biosorption with 

dried or treated tissues achieved near-complete color removal and maintained adsorption 

efficiency over multiple cycles, evidencing long-term stability of the bioadsorbent. 

Additionally, some studies emphasized its potential for pesticide retention and nanoparticle 

synthesis, suggesting emerging research directions that expand its application beyond 

conventional wastewater treatment. 
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Jacinto-d’água como agente fitorremediador de águas residuais no 

México: uma revisão 

RESUMO 
Esta revisão sistemática avalia o uso de Eichhornia crassipes como agente de 

fitorremediação no México com base em estudos científicos publicados entre 1990 e 2023 e 

seguindo as diretrizes PRISMA. Os trabalhos analisados foram classificados em quatro 

categorias: remoção de metais pesados (54%), tratamento de águas com alta carga orgânica 

(15%), remoção de corantes (18%) e outros usos (9%). A análise geográfica identificou os 

estados mexicanos onde a biomassa foi coletada para experimentos de fitorremediação. Na 

remoção de metais pesados, 87,5% dos estudos especificaram locais de coleta, principalmente 

no Estado do México. No tratamento de cargas orgânicas, 66,7% relataram estudos em Baja 

California Norte, Sinaloa, Tabasco e Tlaxcala. Enquanto na remoção de corantes, 87,5% 

documentaram a origem da biomassa, sobretudo na Cidade do México. Os resultados das 

categorias demonstraram desempenho reprodutível em condições de campo e laboratório. Para 

a remediação de metais, E. crassipes apresentou alta capacidade de bioacumulação, com 

eficiências de remoção de aproximadamente 90% para Pb e 85% para Cd, concentradas nas 

raízes. Em águas com elevado conteúdo orgânico, sistemas de áreas úmidas construídas e de 

superfície livre alcançaram reduções superiores a 60–90% em DQO, DBO₅, nitrogênio total e 

fósforo, dependendo do design e do tempo de retenção. Deve-se enfatizar que os estudos 

relacionados a corantes avaliam a biossorção utilizando tecidos de Eichhornia crassipes 

colhidos, secos ou tratados quimicamente como um sorvente metabolicamente inativo, 

governado por interações físico-químicas na superfície, em vez de fitorremediação in situ 

baseada em plantas vivas. Em relação aos corantes, a biossorção cíclica com tecidos secos ou 

tratados atingiu remoção quase completa da cor e manteve a eficiência de adsorção ao longo de 

múltiplos ciclos, evidenciando estabilidade de longo prazo do bioadsorvente. Além disso, 

alguns estudos destacaram seu potencial para retenção de pesticidas e síntese de nanopartículas, 

sugerindo direções emergentes de pesquisa que ampliam sua aplicação além do tratamento 

convencional de águas residuais. 

Palavras-chave: Eichhornia crassipes, fitorremediação, México. 

1. INTRODUCTION 

Wastewater is defined as water that has been used by humans in industrial, domestic, 

commercial, and agricultural activities, containing high content of organic and inorganic 

materials; it must be treated before being discharged into the environment (Kasmuri et al., 

2023). The disposal of untreated wastewater and effluents into surface waters is a highly 

regulated issue in many countries; however, it’s estimated that worldwide nearly 80% of the 

water used is neither collected nor treated, it is simply released into waterways (Corcoran et al., 

2010; Ismail and Beddri, 2009). 

The treatment of contaminated water commonly consists of traditional physical, biological 

and chemical processes, such as reverse osmosis, ion exchange, electrodialysis, chemical 

precipitation, flocculation, and adsorption with activated carbon (Shrimali and Singh, 2001). 

However, the process’s effectiveness depends on the concentration and type of contaminant to 

be treated (Newete and Byrne, 2016). Moreover, these processes are associated with several 

negative outcomes in their application, including environmental harms and footprints, low cost 

– effectiveness ratio, difficulties in combining with other methods, as well as the generation of 

secondary pollutants (Farraji et al., 2016; Ferreira et al., 2016). For this reason, research has 

focused on identifying more effective techniques for contaminant removal that are easier to 
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apply, scalable, and more environmentally friendly, such as phytoremediation, an emerging 

technology that has become a viable option for improving the quality of wastewater effluents. 

Phytoremediation is a branch of biotechnology that relies on the use of plants for the in 

situ reduction, degradation, extraction, transformation, mineralization, volatilization, and 

stabilization of organic and inorganic contaminants in water, sediments, soils and air,  through 

biological, biochemical, chemical or physical processes carried out by the plants, associated 

with their structure and morphology (Arthur et al., 2005; Núñez López et al., 2004; Delgadillo-

López et al., 2011; Marrero-Coto et al., 2012). 

There is a wide variety of phytoremediation techniques, called phytotechnologies, which 

are based on the physiological mechanisms that occur in plants and the microorganisms 

associated with them (photosynthesis, metabolism, nutrition and transpiration) (Delgadillo-

López et al., 2011). Phytotechnologies are related either to the participation of different plant 

structures or to specific physiological processes, being classified according to the remediation 

objective in two major approaches: elimination phytotechnologies, which involve removing, 

transforming, or releasing contaminants present in the environment, such as non-hazardous 

compounds (phytoextraction, phytovolatilization and phytodegradation); and containment 

phytotechnologies,  immobilize or stabilize contaminants,  preventing their dispersion in the 

environment (such as rhizofiltration, phytostabilization or phyto immobilization) (Thangavel 

and Subbhuraam, 2004). The following sections briefly describe the phytoremediation methods 

involving both approaches. 

1.1. Elimination Methods 

Phytoextraction: Also known as phytoaccumulation or phytosequestration, this process 

involves the uptake and absorption of contaminants by plant roots, followed by their transport 

and accumulation in the aerial parts, such as stems and leaves. It is important to note that the 

transport process into the plants is defined as translocation, which is a necessary and 

fundamental biochemical mechanism for effective phytoremediation. The main contaminants 

removed through this elimination method are heavy metals, although organic pollutants as well 

as radioactive elements and isotopes can also be extracted (Molero Montoya, 2023; Núñez 

López et al., 2004). 

Phytovolatilization: In this type of phytoremediation, soil or water contaminants are 

absorbed by the plant roots and subsequently translocated to the aerial parts, where they are 

transformed through metabolic activities into less toxic or active volatile substances, which are 

then released to the atmosphere during transpiration. It should be noted that this method is 

controversial because, in most cases, the contaminant’s toxicity is not eliminated; rather, the 

process only transfers the pollutant from the soil or water to the atmosphere. It is not certain 

whether the release of volatiles into the atmosphere is safe, since there is a probability that these 

compounds may return to the environment and affect other organisms. Therefore, the use of 

this method must be carefully evaluated before being applied (Lakshmi et al., 2017; Molero 

Montoya, 2023). 

Phytodegradation: This process involves the metabolism of contaminants within plant 

tissues through enzymes such as dehalogenases and oxygenases, which catalyze the degradation 

and decomposition of pollutants into simpler molecules, or their mineralization into CO2 and 

H2O. The success of this technology largely depends on the synergistic interactions among 

plants, microorganisms, and the surrounding environment (Agudelo Betancur et al., 2005; 

Singh and Jain, 2003). 

In this context, two distinct treatment configurations involving Eichhornia crassipes are 

discussed in this review and should not be conflated. First, phytoremediation refers to the use 

of living plants (typically in free-floating or constructed wetland configurations), where 

removal performance arises from plant-mediated and rhizosphere processes (e.g., uptake, 
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internal transport, rhizofiltration, and plant–microbe interactions) under a hydraulic design 

governed by surface area, water depth, and hydraulic retention time. Second, biosorption – 

based dye removal refers to the use of harvested, dried, or chemically treated plant tissues as an 

inactive biosorbent, where removal is driven by physico-chemical, metabolically independent 

mechanisms at the solid–liquid interface (e.g., adsorption/ion exchange/surface complexation). 

Accordingly, biosorption systems are designed as adsorption units (e.g., batch reactors or 

packed-bed columns) rather than wetland geometries (Fomina and Gadd, 2014). This 

distinction is maintained throughout the review to avoid conceptual and design-level conflation. 

1.2. Containment Methods 

Rhizofiltration: Also known as phytoremediation by filtration, this process removes 

contaminants from surface water or wastewater by hydroponically cultivating plants with high 

growth rates and large surface areas until they develop root systems capable of adsorbing or 

absorbing pollutants present in waste streams or aquatic flows. As the plants grow, 

contaminants are absorbed by the roots or seedlings (a process known as blastofiltration). Once 

saturation occurs, the plants are harvested either entirely or only from the root for subsequent 

disposal. The success of this technique depends on the plant’s metabolism (Núñez López et al., 

2004; Lakshmi et al., 2017; Molero Montoya, 2023). 

Phyto immobilization (Phyto stabilization): This is a containment process that limits the 

mobility and bioavailability of contaminants in water through their absorption and 

accumulation in roots, precipitation and reduction of metallic valence in the rhizosphere, or the 

formation of complexes with certain organic compounds secreted by the roots (Cabrera et al., 

2014). Its main objective is to prevent contaminants from being released into food chains.  

Through different methods, phytoremediation has gained popularity among government 

agencies and industries due to its cost-effectiveness, non-invasive nature and socially 

acceptable approach to addressing environmental pollutants, which are known to cause harmful 

effects on human health and biological systems (Hu et al., 2020). Therefore, it may be 

considered an effective and promising method for wastewater purification (Ahmed et al., 2021; 

Rezania et al., 2016). The advantages and disadvantages of its use compared to other 

conventional decontamination techniques are presented in Table 1 (Hu et al., 2020; Segretin et 

al., 2010). As can be observed, phytotechnologies are particularly useful when they are applied 

to relatively large surface areas with low concentrations of contaminants or immobile 

pollutants, and where long-term remediation procedures need to be considered. 

On the other hand, it is well known that aquatic plants are essential in wastewater 

treatment, as they can be used for phytoremediation through phytoextraction, rhizofiltration, 

phytodegradation and phytovolatilization. Aquatic plants employed in phytoremediation 

systems can be classified into three major groups: emergent, submerged and floating. The latter 

can, in turn, be divided into two subgroups: floating – leaved plants (fixed) and free – floating 

plants (non – fixed). In free – floating plants, the leaves and stems develop on the water surface, 

while their roots are not anchored to any substrate but instead hang within the water column 

(Núñez López et al., 2004). Within this group are aquatic macrophytes, which are considered 

cost – effective and ecological tools, and whose use in phytoremediation has been documented 

(Newete and Byrne, 2016). 

Water hyacinth (Eichhornia crassipes) is a free – floating hydrophytic aquatic plant 

belonging to the family Pontederiaceae (Patel, 2012). It is native to the Amazon basin and 

extensive lakes and wetlands of the Pantanal region in Brazil, as well as certain areas of 

Ecuador, and has become naturalized in tropical and subtropical regions of South America 

(Rodríguez-Lara et al., 2022). This species arrived in Mexico at the end of the 19th century, 

spreading rapidly until it became an invasive weed. It is estimated that it covers approximately 

40,000 hectares of aquatic bodies and lakes, being widely distributed in central Mexico, along 
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the Pacific slope to the south, and in the Gulf of Mexico from Tamaulipas to the Yucatán 

Peninsula, in a diversity of freshwater ecosystems from sea level up to 2,250 m of altitude 

(Cervantes-Sánchez and Rojas-Rabiela, 2000; CONABIO, 2025; Miranda et al., 1999). 

Table 1. Advantages and disadvantages of phytoremediation compared to traditional remediation 

methods. 

Advantages Disadvantages 

Economic: Low cost of operation and 

maintenance. 

Longer operating times: Require more time to 

operate compared to other methods, since they are 

governed by the natural cycle of the plants. 

Environmental: In situ remediation without 

altering the surroundings; improvement of 

landscape and biodiversity. 

Limited: Variable efficiency in absorption and 

accumulation depending on the tolerance of the 

species; not applicable to all pollutants or 

environments. 

Sustainable: An ecological technology 

adaptable to different conditions and 

applicable to various media (water, soil, and 

air). It allows the processing of raw materials 

(water and biomass), as well as the 

extraction and recycling of metals. 

Environment-dependent: Affected by external 

factors such as climate, seasonality, and type of 

pollutant. 

Accessible: Does not require highly 

specialized personnel. 

Risks: Generation of contaminated biomass, release 

of pollutants through combustion, management of 

hazardous waste, and introduction of invasive 

species 

Applicable: Possibility of treating different 

pollutants and adapting plants to various 

sites, as well as to large surface areas. 

 

Requires prior evaluation: Each site requires 

specific characterization and design. 

Socially accepted: Well perceived by 

communities due to their aesthetic character. 

Low biomass production limits removal 

capacity: Phytoremediation efficiency is 

constrained by the growth rate and total biomass 

yield of the plant species. Low-biomass or slow-

growing plants remove smaller quantities of 

pollutants, requiring longer treatment periods or 

larger areas. 

Source: Own elaboration based on Delgadillo-López et al. (2011); Raskin and Ensley (2000); Salt et al. (1995); 

Segretin et al. (2010). 

Biomass derived from water hyacinth can be used for phytoremediation due to its capacity 

for contaminant bioaccumulation – particularly heavy metals such as lead, mercury, cadmium, 

silver, cobalt and strontium, as well as for the removal of organic substances present in aquatic 

systems (Patel, 2012). The morphology of its roots, together with its high rate of reproduction 

and growth are essential characteristics that have positioned this species as an effective tool for 

phytoremediation. In an effort to analyze its impact in Mexico, this study presents a systematic 

review of the literature focused on research addressing the use of water hyacinth in the 

remediation of contaminated waters. The review concentrated on studies regarding the water 

lily applied to the removal of heavy metals, the elimination of organic compounds present in 

domestic and industrial wastewater, and the adsorption of dyes, in addition to the exploration 

of bioremediation models to optimize treatment systems using this plant. The review highlights 

the effectiveness of water hyacinth as a sustainable and potentially low-cost alternative under 
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appropriate local and operational conditions in Mexico. 

2. MATERIAL AND METHODS 

The systematic literature review was conducted following PRISMA methodology 

(Preferred Reporting Items for Systematic Reviews and Meta – Analyses), which is a structured 

approach that ensures transparency and comprehensiveness in systematic reviews, with the aim 

of retrieving, screening and selecting relevant scientific literature on the use of Eichhornia 

crassipes as a phytoremediation agent in the Mexican context. A total of 47 articles published 

between 1990 and 2023 were analyzed. 

As inclusion criteria, only studies whose main focus was the use of water hyacinth as a 

phytoremediation agent were selected, while those conducted outside Mexico were excluded. 

The PRISMA approach was structured into four phases: 1) Identification, 2) Screening, 3) 

Eligibility, and 4) Inclusion (Liberati, 2009; Moher et al., 2010; Page et al., 2021). In the 

identification phase, articles were searched from scientific databases (Elsevier, Redalyc, 

SciELO, Springer, Web of Science and Google Scholar) using keywords such as “Lirio 

acuático”, “Eichhornia crassipes”, “Fitorremediación”, “México”, “Water hyacinth”, 

“Phytoremediation” and “Mexico”, which yielded a total of 942 records. In the screening phase, 

duplicates and irrelevant articles were removed. In the eligibility phase, a total of 206 full-text 

articles were evaluated to ensure compliance with the established criteria. Finally, in the 

inclusion phase, the studies that met the criteria and provided significant data on the use of 

water hyacinth in wastewater phytoremediation in Mexico were selected. The detailed flow of 

the selection process is presented in Figure 1. 

 
Figure 1. PRISMA Flow Diagram for the selection of 

articles on the use of water hyacinth as a 

phytoremediation agent in Mexico. 
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Once the articles were selected, they were classified into four main categories according 

to the approach of each study: 

(1) Removal of heavy metals, including research on the ability of water hyacinth to adsorb 

and accumulate these types of contaminants. 

(2) Treatment of water with high organic content, in which the elimination of compounds 

from domestic and industrial wastewater was evaluated. 

(3) Studies focused on the adsorption of industrial dyes, mainly textiles, by biosorption 

processes were analyzed. 

(4) Other uses of water hyacinth for treatment, including the removal of pesticides and other 

compounds. 

This classification allowed the results to be structured in order to identify patterns and 

trends in Mexico. Figure 2 shows the trend in water hyacinth research as a phytoremediation 

agent between 1990 and 2023 in Mexico. As can be observed, during the first fifteen years 

(1990-2005) the studies were scarce, with less than one study per year; but from 2005 onward 

a gradual increase occurs, reaching peaks of 3 to 4 studies per year. In the following decade 

(2010 to 2020) interest remained constant with fewer variations. This behavior reflects a 

sustained growth in research on phytoremediation. 

 
Figure 2. Trend in Research on Water Hyacinth as a Phytoremediation Agent in Mexico. 

On the other hand, Figure 3 shows the percentage distribution of the studies carried out on 

the water hyacinth in different phytoremediation applications. The largest proportion, 54%, 

corresponds to research focused on the removal of heavy metals, which reflects the predominant 

interest in the use of the plant to mitigate these toxic elements. The treatment of water with high 

organic load represented 15% of the studies; on the other hand, 18% focused on the elimination 

of dyes and, to a lesser extent, other uses of water hyacinth for water treatment and 

phytoremediation models, with 9% and 4%, respectively. 

Likewise, based on the previously established categorical classification, the information 

regarding the geographical origin of the water hyacinth used in the phytoremediation studies 

included in this research was analyzed for each group of studies. The analysis considered 

whether the study explicitly reported the location of the water body where the plant (biomass) 

was collected. This level of detail is highly relevant to evaluate the local applicability of the 

studies, as well as to identify regional patterns in the use of water hyacinth as a remedial agent.  
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Figure 3. Distribution of studies on the use of water hyacinth in different phytoremediation 

applications. 

The results of the categorical classification and statistical analysis of the geographical 

distribution by states of the Mexican Republic where the biomass collection for 

phytoremediation purposes was reported are presented next. Likewise, the documentation 

around the different applications of phytoremediation with water hyacinth is integrated, 

organized into the 4 established categories, with the aim of identifying research patterns and 

areas of opportunity. 

3. RESULTS AND DISCUSSION 

Based on the articles included in this systematic review, a categorization was established 

according to the type of contaminant addressed by using water hyacinth as phytoremediation. 

Studies were organized into four main categories: 1. Heavy metal removal, 2. Treatment of 

water with high organic content, 3. Removal of dyes, and 4. Other uses of water hyacinth 

associated with emerging pollutants or unconventional parameters.  

Analysis of the geographical distribution of reported collection sites of aquatic lily used 

for different phytoremediation applications in Mexico discovered the following areas (see 

Figure 4). 

The "heavy metal removal" category accounted for 54% of all studies, of which 87.5% 

explicitly documented the place of collection of the plant, with the State of Mexico being the 

most represented, with 50% of the total. This can be attributed to the high presence of water 

hyacinth in contaminated water bodies, dams and urban canals of this region, followed by 

Mexico City and Puebla with 12.5%, Guanajuato and San Luis Potosí with 8.33%, and finally 

Veracruz and Zacatecas with 4.16%. On the other hand, in the category "Treatment of water 

with high organic content" using Eichhornia crassipes, 66.66% reported the biomass collection, 

while 33.34% did not specify this information in their methodology. Among the studies that 

specified the information, the data referred to the site and timing of water hyacinth harvesting 
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as part of the experimental setup, an equitable distribution was identified between the states of 

Baja California Norte, Sinaloa, Tabasco and Tlaxcala, with 25% of the total. This geographical 

dispersion suggests cross-sectional exploration and growing interest in various regions of the 

country to implement nature-based environmental solutions. 

 
Figure 4. Geographical distribution of reported collection sites of Eichhornia 

crassipes for different phytoremediation applications in Mexico. 

For the category of "Removal of dyes", 87.5% reported extraction of water bodies, while 

12.5% did not specify information. Within the subset that, when the source of biomass is 

reported, Mexico City stands out predominantly, representing 71.42% of studies in this 

category. The states of Veracruz and Guanajuato follow with 14.28%. This concentration 

suggests that, in urban contexts, particularly in metropolitan areas such as the Valle de México, 

research has focused on the treatment of wastewater stained with synthetic dyes, typically for 

the textile or food sector. Finally, in the category "Uses of water hyacinth in the field of 

phytoremediation", 50% of the studies reported the state of origin of the biomass. The studies 

that reported the place of extraction were located exclusively in Mexico City, representing 

100% of the total, again highlighting the role of this region as a strategic hub for environmental 

studies. 

Based on the categorization established in the results section, the following discussion 

addresses each group of studies to interpret their environmental significance and research scope. 

This approach allows linking the quantitative trends with the scientific context of 

phytoremediation using Eichhornia crassipes in Mexico. 

3.1. Removal of heavy metals  

Heavy metals have been defined as chemical elements characterized by a high density 

above 4 g/cm3 and an atomic weight above 20 u. These elements, even in low concentrations, 

can be highly toxic and harmful to the environment and health. Among the metals grouped in 

this category are lead (Pb), cadmium (Cd), manganese (Mn), aluminum (Al), copper (Cu), 
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beryllium (Be), iron (Fe), mercury (Hg), among others (Londoño Franco et al., 2016). 

The increasing rates of heavy metal pollution from industrial sources and anthropogenic 

activities are a critical problem on a global scale (Akar et al., 2009; Cartaya et al., 2008). As 

mentioned above, the presence of these pollutants in effluents and water bodies represents a 

latent threat, due to their indefinite persistence in the environment and their toxicity, 

compromising the population’s health and causing disturbances in the balance of ecosystems, 

affecting fauna and flora as well as trophic levels. In addition, heavy metal contamination has 

had significant economic impacts by increasing medical treatment costs, reducing economic 

productivity at local and national levels (García Villegas et al., 2011; Pabón et al., 2020; 

Tejada-Tovar et al., 2015). 

Water hyacinth is an effective and promising tool in the field of phytoremediation 

(Carreño-Sayago and Rodríguez-Parra, 2019; Moya et al., 2023a; Ramírez-Rodríguez et al., 

2023; Sierra-Carmona et al., 2022; Tabla-Hernández, 2019). Several investigations have 

focused on determining the capacity of the plant to remove heavy metals from contaminated 

water bodies, through its use in controlled assessments and natural systems, as well as in 

comparison with other plant species, through the biosorption process, which is a physico-

chemical process that can be defined as the removal of substances from aqueous solutions using 

biological materials such as water hyacinth. Studies of biosorption mechanisms such as 

adsorption, absorption, surface complexation, precipitation and ion exchange have been 

intensified by the need to remove heavy metals from industrial effluents (Cuizano et al., 2009; 

Sala et al., 2010). 

From an environmental engineering perspective, percentage removal is informative but not 

always sufficient to understand transport behavior within the plant. For this reason, several 

studies complement removal efficiencies with bioaccumulation/bioconcentration indicators 

(commonly reported as BCF/BF/BAC/FBA depending on the author) and with the translocation 

factor (TF/FT). In practical terms, bioaccumulation/bioconcentration metrics are interpreted as 

plant-to-water concentration ratios (often using the submerged compartment as reference), 

whereas TF describes internal transport from submerged tissues (roots and stolons) to aerial 

tissues (stems and leaves), commonly expressed as Caerial/Csubmerged. Importantly, TF 

provides a direct basis to define the harvesting scope: TF < 1 generally indicates preferential 

retention in submerged structures, supporting root-focused removal, while TF ≥ 1 suggests 

greater metal presence in aerial biomass, supporting whole-plant harvesting or, at minimum, 

inclusion of aerial tissues for the target metal(s) (Tabla-Hernández et al., 2019). Accordingly, 

Table 2 compiles representative BF/BCF/BAC/FBA and TF/FT values reported for Mexican 

case studies of Eichhornia crassipes, providing an engineering-oriented overview that 

complements removal percentages and supports decisions on harvesting and subsequent 

biomass handling. 

The following studies have focused on the potential of water hyacinth for heavy metal 

removal in contaminated water bodies in Mexico, as well as on the determination of plant 

bioaccumulation and translocation factors:  

Ávila (1995) determined concentrations of heavy metals in sediment, water and water 

hyacinth at the José Antonio Alzate Dam (State of Mexico), focusing on Cr, Fe, Ni, Cu, Zn, 

Cd, Pb and Hg by chemical analysis. They identified that the largest accumulations of metals 

in the plant were in the roots, with a decreasing order of accumulation: Zn> Cr> Fe> Ni> Cu> 

Pb> Hg and Cd; significant correlations were found between the metals. Subsequently, 

Hernández-San Agustín (2005) addressed the quantification of heavy metals such as Hg, Cd, 

Cu, Zn, Se and As present in water and soil of the Mortero Dam, located in the municipality of 

El Oro de Hidalgo, northwest of the State of Mexico, in an area associated with mining activity. 

In this context, water hyacinth was used as a bioindicator; its results showed that the plant could 

retain concentrations of Hg up to 1.3 mg/kg in its tissues, confirming its capacity for the 
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accumulation of toxic metals. For their part Ramos Raúl et al. (2007) analyzed the ability of 

water hyacinth to retain contaminants in its structure, and evaluated its ability to absorb metals 

in its tissues without using external chemical reagents. In that study, an absorption efficiency 

of up to 50% of Zn in the medium was observed, indicating that the plant can incorporate half 

of the Zn present in the water column when it accumulates in its biomass, in contrast to other 

metals, such as Pb, where an absorption efficiency of 7% was achieved, suggesting a selective 

capacity for certain metals. 

Table 2. Reported bioaccumulation/bioconcentration (BF/BCF/BAC/FBA) and translocation (TF/FT) 

values for Eichhornia crassipes in Mexico. 

Reference Site Metals 
Bioaccumulation / 

Bioconcentration 
Translocation 

(Tabla-

Hernández 

et al., 2019) 

Valsequillo 

reservoir 

(Ramsar 

wetland), 

Puebla 

Co, Zn, Ni, 

Cu, Cr, Ti, 

Ba 

BF (Csubmerged/Cwater): Co 

3628; Zn 33569; Ni 

14224; Cu 45149; Cr 

31833; Ti 555147; Ba 

1081 

TF (Caerial/Csubmerged): 

Co 0.15; Zn 0.66; Ni 

0.37; Cu 0.33; Cr 0.30; 

Ti 0.26; Ba 3.49 

(Peralta-

Castillo, 

2017) 

Laguna de 

Chimaliapan, 

State of Mexico 

Mn, Fe, Ni, 

Cu, Zn 

FBA (total fraction): Mn 

32750.72 ± 15308.8; Fe 

5178.78 ± 1867.74; Ni 

319.27 ± 195.22; Cu 

596.63 ± 211.06; Zn 

878.83 ± 199.55 

TF: Mn 0.19 ± 0.11; Fe 

0.75 ± 0.01; Ni 0.64 ± 

0.22; Cu 0.61 ± 0.40; 

Zn 1.16 ± 0.02 

(Reyes-

Vásquez, 

2020) 

Laguna 

Olmeca, 

Veracruz 

Pb, Cd 

FBC (whole plant): Pb 

7.0–13.66; Cd 13.4674–

20.82 

FT: Cd 0.94–1.87 

(mean 1.39); Pb 0.84–

1.34 (mean 1.06) 

(Barroso 

Rangel et 

al., 2022) 

Laguna de 

Yuriria 

(Ramsar 

wetland), 

Guanajuato 

Pb, Al, 

Cr(VI), 

Hg, Ni 

(reported 

subsets) 

BAC by organ: Pb (leaf) 

172.45; Pb (stem) 12.83; 

Pb (root) 2479.81. Al 

(leaf) 120.00; Al (stem) 

253.33; Al (root) 66.67 

TF (leaf/root; 

stem/root): Al 1.80 / 

3.80; Ni 1.71 / 0.87; 

Cr(VI) 0.50 / 0.13; Pb 

0.07 / 0.01; Hg 0.67 / 

0.67 

Carrión et al. (2012) evaluated aquatic lilies for the removal of 14 metals and 1 metalloid 

(As) in the canals of Xochimilco (State of Mexico). They applied calculations and statistical 

analyses to determine the factors of bioaccumulation and plant translocation in different areas 

of the canals with urban, tourist and agricultural influence. The results showed that the 

submerged part of the plant had the ability to reduce initial concentrations of metals such as Cr 

and Pb, with decreases from 0.056 mg/l to 0.022 mg/l and from 0.069 mg/l to 0.015 mg/l, as 

well as removal efficiencies of 73% and 78%, respectively. 

For their part Martínez-Sánchez et al. (2013) evaluated the adsorption of Zn2+ and Cd2+ in 

roots of vegetative species Eichhornia crassipes and Typha latifolia by kinetic modeling and 

thermodynamic analysis under laboratory conditions. Through potentiometric measurements in 

solutions containing one or both ions, they determined that the adsorption kinetics followed a 

pseudo - second order model, suggesting a chemical interaction controlled by the availability 

of active sites. Eichhornia crassipes showed a higher accumulation rate and efficiency in the 

removal of both metals, highlighting the elimination of 85% of the Cd2+ ion. In addition, it was 

concluded that the adsorption process was spontaneous and endothermic, reinforcing its 

viability as a bio-adsorbent under controlled conditions. Related to the use of the plant with 

other materials to improve the remediation process, García Albortante et al. (2015) studied the 
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individual and mixed capacity of natural bio-adsorbents, water hyacinth (W-H) and eggshell 

(E-S), for Cu removal (II) in aqueous solutions. Three mixture ratios were evaluated: 75% W-

H - 25% E-S (mixture 1), 50% W-H-E-S% CH (mixture 2) and W-H% L - 75% E-S (mixture 

3), all with initial concentrations of 40 mg/l copper. The results, analyzed by isotherms of 

Freundlich and Langmuir indicated that the mixtures slightly reduced adsorption efficiency 

compared to the individual use of each material; however, mixture 1 achieved a removal 

efficiency of 82%, standing out as the most effective among the evaluated combinations.  

Martínez-Sánchez et al. (2016) evaluated the biosorption of Thallium (Tl+) and Cadmium 

(Cd2+) ions in solution using water hyacinth roots as a modifier on carbon paste electrodes. 

Experimental data were analyzed and adjusted to Langmuir isotherms and pseudo-second order 

kinetic models, obtaining removal efficiencies of 90% for Cd2+ ion and 88% for Tl+ ion. These 

results highlight the capacity of roots as an effective biomaterial for heavy metal adsorption in 

electrochemical applications. 

On the other hand, according to the study carried out by (Extocapan, 2017), 77.4% of 

phytoremediation analyses have focused on the elimination of metals such as Cd, As, Pb, Cu 

and Zn, most of which were carried out at pilot plant scale with reliable results, which could be 

used for large-scale implementation. This is the study presented by (Peralta-Castillo, 2017), 

which reported the bioaccumulation of metals such as Cr, Mn, Fe, Ni, Cu, Zn and Pb in water 

hyacinth from the Laguna de Chimaliapa in San Mateo Atenco (State of Mexico). It quantified 

the bioaccumulation and translocation factors and identified a high Mn concentration of 

5496.43 mg/kg. Likewise, Tabla-Hernández et al. (2019) studied water hyacinth with a 

remediation approach in Ramsar sites, i.e., wetlands of international importance protected by 

an international treaty for the conservation of these ecosystems. In those places, they 

determined the factors of bioaccumulation and translocation by elemental analysis of 26 metals 

and metalloids, and found the highest concentrations in the submerged part of the plant (roots), 

quantifying high accumulation levels for Cu and Pb at concentrations of 93 mg/kg and 53 

mg/kg, respectively, confirming the effectiveness of the plant in bioaccumulation. On the other 

hand, Reyes-Vásquez (2020), quantified the initial and final concentrations by 

spectrophotometry of Pb and Cd in surface water from the Olmeca Lagoon (Veracruz), focusing 

on structural tissue (leaves, stems and roots) of aquatic lily, as well as on the factors of 

bioconcentration and translocation, identifying the effectiveness of the plant to decrease the 

concentration of these metals and its capacity as a bio accumulator. According to the results, a 

reduction of 90% for Pb and 85% for Cd was achieved, which enabled the establishment of a 

research baseline for integral development in the field of phytoremediation. In this same sense, 

Miguel-Barrera et al. (2020) evaluated the plant’s capacity to accumulate Pb in a 15-day 

experiment. The methodology included the collection of samples and studying their adaptation 

to controlled experimental conditions. The results showed an increase of 91.84% in the content 

of Pb in their tissues, while the water treated with the plant showed a removal of 13.05%, 

demonstrating its capacity to absorb 90 times its weight in water.  

Another interesting report was published by Gutiérrez et al. (2021), in which they 

evaluated the potential of Eichhornia crassipes as a natural adsorbent for the removal of Cd in 

contaminated solutions, analyzing the effect for the following variables: pH, temperature, initial 

metal and biomass concentration and incubation time. The concentrations of Cd were quantified 

by the colorimetric method of Dithizone. The findings indicated that optimal removal 

conditions are 28°C, initial metal concentration 50 mg/l, 5 g of biomass and incubation time 32 

hours. Under these conditions, after 7 days of treatment in water with 100 mg/l of Cd, a removal 

of 54.2% was achieved, reducing the concentration to 45.8 mg/l. 

Subsequently, Barroso Rangel et al. (2022) determined bioaccumulation and translocation 

behavior for metals in vegetative samples of water hyacinth from the Ramsar wetlands, 

quantifying concentrations by atomic absorption techniques. In their study, bioaccumulation 
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ratios (BAC) reported by organ indicate markedly higher values in roots for some metals (e.g. 

PbBAC_root = 2479.81, compared with PbBAC_leaf = 172.45 and PbBAC_stem = 12.83), while 

translocation factors (TF) show metal specific patterns: Pb exhibits low TF (TFleaf/root = 0.07; 

TFstem/root = 0.01), consistent with preferential retention in submerged tissues; whereas Al 

presents TF > 1 (TFleaf/root = 1.80; TFstem/root = 3.80) and Ni shows TF > 1 in leaves (TFleaf/root = 

1.71).  López-Velásquez (2022) evaluated the absorption effectiveness of two plant species 

Chrysopogon zizanioides and Eichhornia crassipes for the removal of Pb, Zn and Ni by placing 

them in floating supports during a period of 8 months in the Prieto River (Puebla). Initial and 

final concentrations were determined by spectrophotometry at different points in the water 

body. The results showed that Eichhornia crassipes is ideal for the elimination of Zn and Pb, 

with removal of 98.6% and 90.9% respectively; the species Chrysopogon zizanioides proved to 

be more efficient in media contaminated by Ni. Finally, Moya et al. (2023b), evaluated the 

phytoextraction potential of Al and Fe in the Madín Dam of the Municipality of Atizapán de 

Zaragoza (State of Mexico), using water hyacinth using batches of young and adult plants 

extracted every 15 days. After a 60-day exposure period, they achieved 72% metal removal 

with the batch of young plants. The plant turned out to be tolerant to both metals; however, it 

was unable to move them from root to leaf. 

From an engineering perspective, combining removal efficiencies with 

bioaccumulation/bioconcentration indicators and translocation factors strengthens 

interpretation beyond percent removal by clarifying tissue partitioning and internal transport. 

This provides a clearer basis to define the harvesting scope (root-focused versus whole-plant 

removal) and to plan safe post-harvest biomass handling. Overall, the reviewed evidence 

supports water hyacinth as a highly capable option for heavy-metal removal in Mexico, both 

under field conditions and controlled laboratory assessments. Its bioaccumulation capacity, 

environmental adaptability, and rapid, low-cost propagation make it an accessible 

phytoremediation alternative for contaminated water bodies. 

3.2. Treatment of water with high organic content  

Dissolved organic matter (DOM) can be defined as a heterogeneous and complex mixture 

of components such as colloid macroscopic particles and macromolecules, among which, in 

freshwater, humic substances, carbohydrates and amino acids stand out (Baker and Spencer, 

2004; Engelhaupt and Bianchi, 2001). The presence of organic matter in water may result from 

discharges from urban areas, livestock practices and industrial and agricultural runoff. In 

Mexico, declining groundwater quality, mainly due to high organic loads, has become a 

frequent problem, particularly in aquifers located near anthropogenic activities (Esteller and 

Diaz-Delgado, 2002). 

Organic matter in wastewater poses a high risk to water quality and users' health. Water 

hyacinth has been widely used in systems designed to address this problem. In the study by 

Arellano Ortíz (1990), a water treatment system was implemented, complemented with an 

additional phase based on the cultivation of water hyacinth for the treatment of domestic 

wastewater. The results indicated a removal of more than 70% in Biochemical Oxygen Demand 

over 5 days (BOD₅), as well as an 80% reduction in Total Suspended Solids (TSS), and a 60% 

decrease in Total Nitrogen (TN) levels.  (Mejía et al., 2009) analyzed the capacity of Eichhornia 

crassipes to remove organic contaminants in livestock effluents, specifically from pig farms, 

through constructed wetland systems, comparing its performance with Cyperus spp. According 

to the report, the plant achieved removals greater than 60% of COD during the first three days 

at concentrations up to 1500 mg/L; however, at higher concentrations (2500 mg/L), its 

performance was inferior to that of Cyperus spp. The results indicated that the efficiency of 

water hyacinth in contaminant removal depends on both the contaminant concentration and the 

wetland design. 
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In another study, the adsorption potential of aquatic lily was evaluated and compared with 

other biomasses (moss and cane bagasse) by Méndez-Tovar et al. (2012). In this report, the 

plant was subjected to short (15 minutes) and long (24 hours) tests to measure its adsorption 

capacity on three types of hydrocarbons: diesel, a mixture of crude oil and motor oil. It found 

that the plant could adsorb 3.6 g of diesel, 5.4 g of crude oil and 4 g of motor oil per g of material 

in the short tests, whereas in the long tests it showed a maximum adsorption capacity of 3.3 g 

of diesel, 6.7 g of crude oil and 4.6 g of oil per g. Although its performance was lower than that 

of the moss, the water hyacinth stood out for its efficiency in the adsorption of crude at 

prolonged exposures. 

In the study conducted by (Solís Silván et al., 2016) lily performance was also evaluated 

for wastewater treatment using free-flowing artificial wetlands and compared with other 

treatments such as controls without vegetation and gravel. The results showed that this plant 

achieved a 93.1% reduction in BOD5, 93% in Chemical Oxygen Demand (COD) and 93.6% in 

Total Nitrogen (TN), plus a decrease of 91.1% in Total Phosphorus (TP) and 92.6% in Total 

Suspended Solids (TSS). These results obtained with a relatively short hydraulic retention time 

of 5.5 days position the lily as an effective and sustainable alternative, especially in regions 

where the species is abundant. (Rangel-Peraza et al., 2019) evaluated water hyacinth in a free 

surface flow artificial moisture system designed for wastewater treatment optimization. The 

results found that this species achieved a removal of 92.39% of the initial load of COD, under 

optimal operating conditions, likewise the plant showed high efficiency in the elimination of 

nutrients, achieving reductions of 99.28% and 87.78% of TN and PT, respectively. 

The study conducted by Ramírez-Loreto et al. (2020) evaluated the potential of lily as a 

plant remediation agent for the treatment of municipal wastewater from a lagoon in Cundacán 

(Tabasco). The analysis focused on the plant’s ability to reduce COD and ST. Their results 

showed that lily is particularly efficient in long-term treatments, achieving 67% reductions in 

COD after 72 hours of exposure; it also presented high capacity for TS removal, reducing to 

50.4% in only 32 hours. 

From an engineering perspective, these results highlight that organic-load removal in 

wetland-based systems is strongly conditioned by hydraulic retention time (HRT) and, when 

available, flow rate/hydraulic loading, because these parameters govern contact time and 

overall exposure of wastewater to plant–microbial processes. Here, HRT is understood as the 

average time that water remains in the system, commonly approximated as HRT ≈ V/Q (mean 

volume divided by mean flow rate), noting that effective HRT may deviate under short-

circuiting (Davis, 1995; Riffat, 2013). In the reviewed Mexican studies, time is reported either 

as HRT (days) in wetland configurations (e.g., HRT operation of 5.5-7.5 days) (Solís Silván et 

al., 2016) or as exposure time (hours/days) in batch/greenhouse type evaluations (e.g., kinetics 

with marked differences at day 3) (Mejía et al., 2009). Accordingly, to support engineering 

design (e.g., estimating the time required to achieve ~90% organic-load removal), primary 

studies should report HRT and flow/hydraulic loading together with performance metrics, and 

explicitly relate target removals to defined operating times and hydraulic conditions. To 

illustrate this information, Table 3 summarizes the reported HRT/exposure times and the 

removal levels achieved in the available national studies. 

According to the findings, further research is needed to establish optimal operating 

conditions and more accurately determine plant performance at different organic matter 

concentrations. 
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Table 3. Reported hydraulic/exposure time and organic-load removal performance in Mexican studies 

using Eichhornia crassipes. 

Reference System type 
Reported HRT 

/ exposure time 
Reported performance 

Mejía et al. 

(2009) 

Experimental wetland-

type units under 

greenhouse conditions 

(PVC containers with 

gravel; kinetic follow-

up) 

Follow-up over 

10 days; largest 

difference 

observed by day 

3 

COD removal >60% by day 3 for 

initial concentrations up to 1500 mg/L; 

performance decreased at higher COD 

(e.g., 2500 mg/L) relative to Cyperus 

spp. 

Solís Silván 

et al. (2016) 

Artificial wetlands: 

free-water surface 

(FWS) and subsurface 

flow with different 

macrophytes 

HRT = 5.5 and 

7.5 days 

High removals are reported for free-

water surface wetlands, including 

COD 97.8% and BOD5 97.5% under 

the best-performing condition 

(reported with Typha domingensis), 

with removal efficiencies varying 

across macrophyte species and 

configurations. 

Rangel-

Peraza et al. 

(2019) 

Lab-scale free-water 

surface constructed 

wetland (20 L) using 

floating macrophytes 

Operated at 

HRT = 2 and 4 

days; optimum 

condition at 

HRT = 4 days 

Under optimized conditions, the 

system achieved 92.39% COD 

removal; nutrient removal is also 

reported (TN 99.28%, TP 87.78%). 

3.3. Removal of dyes 

Dyes can be defined as natural or synthetic substances with the ability to impart color to 

other materials. They are often classified on the basis of their chemical structure or origin, and 

their presence in water is usually of industrial origin (largely in the textile industry), agricultural 

or domestic. In particular, synthetic dyes, commonly used in the textile, cosmetic and food 

industries, have generated concerns due to their low biodegradability, potential toxicity and 

high stability. The presence of dyes in water alters the visual quality of the water, generates 

dangerous by-products during its degradation and inhibits aquatic photosynthesis (Marcano, 

2018; Sigurdson et al., 2017; Yusuf et al., 2017; Zaruma Arias et al., 2018). 

The dye-focused literature reviewed in this section predominantly uses Eichhornia 

crassipes as a non-living sorbent material (harvested, dried, and/or chemically conditioned 

tissues) to remove colorants from aqueous solutions. Under this approach, biosorption is treated 

as a metabolism-independent, physico-chemical surface phenomenon (e.g., adsorption/ion 

exchange/complexation) rather than a bioactive wetland process driven by living plants. 

Consequently, performance is typically evaluated and scaled using adsorption-unit geometries 

(batch contact tests and/or packed-bed columns) instead of wetland hydraulic design parameters 

(Fomina and Gadd, 2014; Gadd, 2009).  

Due to the growing interest in the development of sustainable wastewater remediation 

technologies, the potential of water hyacinth biomass as a low-cost biosorbent for dye removal 

has been addressed. Guerrero-Coronilla et al. (2014) evaluated the biosorption capacity of 

amaranth dye by different structural parts of water hyacinth (aerial and submerged), finding 

that leaves have the highest adsorption efficiency. In addition, they compared the efficacy of 

two plant biomasses, Eichhornia crassipes and Pistia stratiotes, both treated with acid in the 

color removal of sugarcane vinegars obtained by anaerobic digestion. The experiment included 

variations in biomass concentration, pH and particle size, showing that treated biomass 

achieved a removal efficiency of 56%, higher than untreated biomass. Also, Lara González 
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(2017) managed to reduce by 90% the concentration of methylene blue dye using water 

hyacinth, to reach the permissible limits of pollutants established in wastewater discharges. On 

the other hand, Ramírez-Rodríguez et al. (2018; 2023) focused their attention on the cyclic 

biosorption of red acid 27 (AR27) dye by water hyacinth biomass, specifically its leaves; in 

both studies multiple successive cycles of biosorption/desorption were performed. In the initial 

2018 study, complete dye desorption (100% desorption efficiency) of charged biomass was 

achieved within 5 to 6 hours, allowing reuse of the same bio absorbent for 147.5 days. In the 

most recent study (2023), it was observed that biosorption efficiency remained close to 100% 

for at least 5 cycles, slightly decreasing; the system operated stably for 80 days without plant 

material replacement. 

In contrast to biosorption studies using non-living biomass, Velasco Vite and Contreras 

Contreras (2019) proposed the use of phytoremediation systems as a sustainable alternative for 

the treatment of textile effluents through the design of experimental reactors with the 

incorporation of two biomasses: Eichhornia crassipes and Phragmites australis. The results 

showed that water lily can achieve colorant removal efficiencies of between 60% and 80% in 

contrast to reed, which achieved higher efficiencies of between 80% and 90%, with all this 

depending on the optimal operating conditions of the system. In the same line, Abbas and 

Kareem (2025) reported that the removal of basic fuchsin and coomassie brilliant blue R-250 

by Eichhornia crassipes depended on pH, dye concentration, plant biomass, and aeration 

period. Their results showed favorable adsorption under controlled conditions, with coomassie 

brilliant blue R-250 being more readily removed than basic fuchsin, thus reinforcing the 

potential of Eichhornia crassipes for the treatment of dye-bearing wastewaters. Finally, 

Hernández-Origel et al. (2022) focused their attention on the removal of methylene blue and 

methyl orange through adsorption in aqueous solutions at different temperatures, 

using Eichhornia crassipes as a bioadsorbent treated with water and NaOH. Their results 

showed that the adsorption process reached equilibrium and required two active sites for each 

dye molecule. The chemisorption process using water-treated water hyacinth was exothermic, 

whereas the process using NaOH-treated water hyacinth was endothermic. The maximum 

adsorption capacities for methylene blue and methyl orange using NaOH-treated water hyacinth 

were 228.9 mg/g at 60°C and 155.38 mg/g at 30°C, respectively, using NaOH treatment.   

All these studies emphasized the relevance of the use of water hyacinth as a natural and 

effective resource for the remediation of waters contaminated with dyes, highlighting its 

biosorption properties and its potential in large-scale applications. 

3.4. Other uses of water hyacinth in phytoremediation 

Water hyacinth has been the subject of a large number of studies, which highlight its 

potential in environmental, industrial and agricultural applications. A study by Ramos-Espinosa 

et al., 2007) evaluated the use of this macrophyte along with reed and tulle in artificial wetland 

systems for the treatment of end-use water for sorghum and maize irrigation systems. The 

system achieved a 71% decrease in COD and total and fecal coliforms of 94.17% and 91.25%, 

respectively, as well as an ammonium removal of 99.9%. 

In turn, some studies have addressed the ability of aquatic lilies to remove pesticides from 

the aquatic environment. Mercado-Borrayo et al., (2015) evaluated the ability of aquatic lilies 

to accumulate organophosphorus and organochlorine pesticides in urban irrigation channels 

used in agriculture. Using gas chromatography and mathematical modelling, the authors 

determined that the plant accumulated compounds such as methoxychlor, aldrin and heptachlor, 

with an overall removal efficiency of up to 85% in natural wetlands. In addition, the study 

proposes a prediction equation to estimate the rate of removal as a function of time and plant 

biomass, highlighting the potential of lilies to improve the management of water bodies affected 

by agricultural waste. 
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In the field of advanced materials generation, water hyacinth has proved to be an effective 

and potential agent in the synthesis of metal nanoparticles. Lozano-Camargo et al. (2020) 

employed the process of bio reduction on water hyacinth for the synthesis of nanoparticles, 

using waste zinc - carbon batteries. The plant served as a biocatalyst for synthesizing 

nanoparticles of manganese oxides (MnO) and zinc (ZnO). Likewise, Rosano-Ortega et al. 

(2007) investigated the ability of water hyacinth to perform selective absorption of metals 

present in water bodies and soils, showing the presence of small metallic aggregates of about 2 

nm at the roots, where particles of Zn, Cu and Ni were recognized. This finding confirms the 

use of water hyacinth for the generation of metallic nanoparticles with industrial applications. 

These studies indicated that lily is not only an effective tool for the removal of pollutants, 

but also as a potential source for the development of technologies in the field of nanotechnology 

and sustainable agriculture, with innovative and low-cost solutions. 

3.5. Mass balance and contaminant fate 

In phytoremediation systems using floating macrophytes such as Eichhornia crassipes, 

apparent removal from the aqueous phase should be interpreted as transfer and partitioning of 

contaminant mass across system compartments (water, plant biomass, and the solid phase: 

suspended solids and/or sediments), rather than as elimination from the system. Mass-balance 

evidence from constructed wetlands planted with water hyacinth shows that, for metals (e.g. 

Fe), pathways out of the water phase include both plant-associated retention (e.g., rhizofiltration 

in submerged tissues) and inorganic routes ending in solids, such as precipitation followed by 

flocculation and sedimentation (Jayaweera et al., 2008). Consistently, for Al-rich waters, an 

early dominance of Al(OH)₃ precipitation has been reported, with adsorption of Al³⁺ to 

sediments becoming predominant as operation progresses, while plant contributions remain 

relevant during early stages (Jayaweera et al., 2007). Also, for nutrients (nitrogen and 

phosphorus), mass balance has been applied to identify destination routes, showing that 

"removal" can be distributed between biomass uptake, biogeochemical transformations and 

solid retention, which reinforces the need to report compartments for interpreting performance 

(Jayaweera and Kasturiarachchi, 2004). In design/scale applications, mass balance has been 

used explicitly to size biomass treatment systems for E. crassipes: e.g., in biofilters for Cr(VI), 

a mass balance was formulated to obtain a design equation and estimate the required biomass 

mass at pilot scale (Carreño Sayago, 2021). In field conditions in Mexico, this compartment - 

based approach is reinforced when water, plant and sediment are evaluated simultaneously and 

indicators such as BF and TF are reported to interpret the behavior of potentially toxic metals, 

also discussed the association between sediments and biomass presence/deposition (Tabla-

Hernández, 2019). Overall, integrating this mass-balance perspective clarifies contaminant 

disposition across water, biomass, and solids/sediments, providing a practical basis for defining 

harvesting scope and post-treatment biomass handling. 

3.6. Post-treatment biomass management and valorization 

Beyond removal efficiency, engineering-oriented applications of water hyacinth 

phytoremediation should explicitly address the management of harvested biomass after 

treatment to avoid secondary pollution and reinfestation (Feng et al., 2017). In Mexico, the 

Xochimilco case has shown that the submerged fraction of water hyacinth (particularly roots) 

can concentrate higher metal levels, making periodic biomass removal essential. This reinforces 

that harvested-biomass management must be treated as an integral part of the treatment-system 

design, not an afterthought (Carrión et al., 2012). 

A practical decision framework is to select the end-of-life route according to the 

contaminant profile and intended use of residuals (Feng et al., 2017). First, anaerobic digestion 

(AD) is a primary valorization option for recovering biogas from water hyacinth (Carlini et al., 

2018; Karouach et al., 2024; Moorheada and Nordstedt, 1993; O’Sullivan et al., 2010; Patil et 
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al., 2012); however, operational performance must be assessed and optimized, and the 

management of the co-product (digestate) should be defined (e.g., as biofertilizer only under 

quality control) (Karouach et al., 2024; Simbayi et al., 2023). Second, composting can be 

considered as a nutrient-recycling pathway (Barleló Quintal et al., 2013; Begum Rasmiya et 

al., 2022; Jiménez et al., 2015; Moleón-Jiménez et al., 2016; W. R. Singh et al., 2012; Tello-

Andrade et al., 2015), but it must be treated as a conditional option because composting studies 

report changes in total concentrations and chemical forms (speciation) of heavy metals during 

water hyacinth composting. Therefore, compost use should rely on verified metal 

concentrations/speciation and monitoring plans aligned with applicable regulations (J. Singh 

and Kalamdhad, 2012). 

When harvested biomass carries elevated contaminant loads or when risk constraints limit 

land-application routes, thermochemical conversion, particularly pyrolysis, becomes a 

technically viable alternative for Eichhornia crassipes, supported by published 

thermal/pyrolysis behavior and kinetic evidence (Alves et al., 2019; Hihu Muigai et al., 2021; 

Huang et al., 2020; Malagón Romero et al., 2023; Wauton and Ogbeide, 2021). Moreover, 

integrated frameworks have been proposed in which water hyacinth is first used for 

phytoremediation and the exhausted biomass is then managed through (i) controlled disposal 

or (ii) pyrolysis to produce biochar with potential use as an adsorbent in post-treatment steps, 

evaluated under combined techno economic and life-cycle perspectives (Azabo et al., 2025). 

Finally, because Eichhornia crassipes is an invasive species capable of spreading through both 

vegetative fragments and long-lived seeds, containment should be treated as an explicit 

engineering requirement and not only as a post-harvest precaution (EUROPEAN AND 

MEDITERRANEAN PLANT PROTECTION ORGANIZATION, 2008; García-De-Lomas et 

al., 2022). Treatment units should therefore remain hydraulically isolated from natural 

waterways and include outlet-retention measures, such as screens or floating barriers, to reduce 

downstream escape of plants and fragments and to facilitate their recovery during control 

operations (García-de-Lomas et al., 2022; Coetzee et al., 2021). In addition, harvesting should 

be periodic and followed by complete removal of visible regrowth, since reinvasion may occur 

from both residual plants and the seed bank if follow-up actions are not maintained (García-

De-Lomas et al., 2022; Hussner, 2017). Removed biomass should be transported to controlled 

land-based processing or disposal sites outside natural water bodies, as has been reported in 

successful eradication and containment experiences (Laranjeira and Nadais, 2008). Moreover, 

because seeds can remain viable in sediments for up to 20 years, post-treatment monitoring 

should be maintained to detect reinfestation and verify the long-term effectiveness of 

containment measures (EUROPEAN AND MEDITERRANEAN PLANT PROTECTION 

ORGANIZATION, 2008). 

3.7. Economic considerations and comparative feasibility in Mexico 

In Mexico, ecological wastewater treatment systems have been proposed as relevant 

alternatives to conventional plants because many municipal facilities have historically operated 

below capacity due to maintenance limitations and insufficient trained personnel. In addition, 

decentralized and nature-based systems are especially attractive in communities where 

conventional treatment becomes difficult to sustain because of high energy, operation, and 

maintenance demands. Recent reviews on treatment wetlands in Mexico also indicate that these 

systems are robust, relatively simple to operate, and associated with low operation and 

maintenance costs, although they require larger installation areas and greater migration toward 

full-scale implementation to address real pollution problems (De Anda Sánchez, 2017; Marín-

Muñiz et al., 2023; Zurita et al., 2012). For water hyacinth-based systems, the most relevant 

comparative evidence linked to the Mexican context was reported by Laitinen et al. (2017), 

who evaluated a constructed wetland using Eichhornia crassipes against an activated sludge 
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process in Matamoros, Mexico. Their analysis states that if harvested water hyacinth is used in 

anaerobic digestion to produce energy and fertilizer, the constructed-wetland alternative 

performs better in economic terms and also generates significant net climate benefits. The same 

study also emphasizes that careful management is required because the rapid growth of water 

hyacinth can cause uncontrolled spreading. Accordingly, in the Mexican context, Eichhornia 

crassipes should be presented as a potentially cost-competitive option under suitable site 

conditions and with appropriate biomass management, rather than as an inherently cheaper 

solution in all cases (Laitinen et al., 2017). 

As comparative background only, international evidence also supports a cautious 

interpretation. Mannino et al. (2008) reported that free-water-surface wetlands can be 

economically competitive with activated sludge systems when treatment performance is 

equivalent. Likewise, Kato and Kansha (2024) summarize that coagulation-flocculation is 

simple and effective for removing colloids and suspended particles, but it entails continuous 

chemical addition, large sludge generation, and sludge-disposal costs, while activated sludge 

can achieve high effluent quality and a low footprint but is also associated with high operating 

costs, sludge disposal, and sensitivity to influent characteristics. Therefore, for the purposes of 

this review, water hyacinth-based phytoremediation in Mexico is best framed as a low-input 

and potentially competitive alternative for decentralized applications, while recognizing that 

direct economic comparisons with conventional technologies remain strongly dependent on 

local design, land availability, biomass handling, and operational conditions (Kato and Kansha, 

2024; Mannino et al., 2008). 

4. CONCLUSIONS 

This paper presents a systematic review of studies conducted in Mexico on the use of 

Eichhornia crassipes as a phytoremediation tool in contaminated water bodies and wastewater, 

describing its application in the removal of heavy metals, reduction of organic and colorant 

loads, as well as other uses within this area, for field work as well as under controlled laboratory 

conditions. The collected evidence allowed us to identify relevant results, trends and areas of 

opportunity for the integral use of this species as a remediation agent in different environmental 

contexts. The main findings of this review work are summarized below: 

● Water hyacinth showed a high capacity for bioaccumulation of heavy metals such as Pb, 

Cd, Zn, Cu and Cr, mainly in its submerged structural parts (roots). 

● Studies reported removal efficiencies of more than 90% on various indicators such as 

COD, BOD5, TN and TP in wastewater by implementing artificial wetland systems. 

● The species showed good removal efficiency of contaminants under controlled 

conditions, with the ability to adapt to the variability of temperature, pH and concentrations of 

pollutants, showing its synergistic potential when used in combination with other bio-

adsorbents. 

● Water hyacinth not only contributes to water and soil remediation, but also provides 

opportunities in the field of technological development, such as nanotechnology and 

agricultural applications; however, further research and other studies are needed to optimize the 

operation and synthesis processes as well as the evaluation of long-term applications and scale 

up bioadsorbent materials.  

For all the above, water hyacinth is positioned as a sustainable, comprehensive, effective 

and economically viable alternative to other conventional methods of wastewater remediation. 

Based on the analysis carried out, its use in the field of phytoremediation is considered useful 

and necessary, especially in regions where the plant is highly distributed in abundant form and 

represents an environmental challenge. This presents opportunities for the development of 

integrated solutions in regional and local contexts. 
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