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Abstract: Phytoremediation is recognized as a cost-effective and environmentally sustainable 
approach for mitigating contamination in soil and water systems by utilizing plants and their 
associated microbial communities to absorb, degrade, or immobilize pollutants. This study 
systematically reviews over 100 peer-reviewed publications and case studies to identify and quantify 
key factors influencing phytoremediation efficiency, including pollutant bioavailability, chemical 
speciation, contaminant concentrations (ranging from trace levels to >100 mg/L), hydraulic retention 
times, temperature ranges (10–35°C), and plant species suitability. Special attention is given to the 
lack of standardized operational frameworks, which hinders consistent implementation and cross-
site performance comparability. The paper proposes a conceptual framework for designing 
phytoremediation systems, supported by performance metrics such as pollutant removal efficiency 
(e.g., >70% for certain heavy metals) and biomass uptake capacity. Additionally, the study analyzes 
policy gaps in existing environmental regulations and highlights opportunities for integrating 
phytoremediation into national remediation strategies, especially in low- and middle-income 
countries. Practical recommendations are offered for policymakers, including the establishment of 
technical guidelines, regulatory benchmarks, and post-treatment biomass handling protocols. This 
work advocates for a multi-stakeholder, data-driven approach that links scientific research, 
regulatory planning, and community involvement to accelerate the responsible deployment of 
phytoremediation technologies. Overall, the findings reinforce phytoremediation’s role as a 
quantifiable and scalable solution for environmental restoration, public health protection, and 
achievement of sustainability goals. 

Keywords: Phytoremediation; contaminants; green and eco-friendly technology.  
 

1. Introduction 

Extensive research has been conducted on the phytoremediation capacities of various aquatic 
and terrestrial plant species. This method is considered environmentally friendly and aligns with 
natural ecological processes, unlike some conventional remediation techniques that may disrupt soil 
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structure or ecological balance through excavation or the use of aggressive chemicals and energy-
intensive processes [7, 18, 41, 88]. Phytoremediation requires minimal external inputs such as energy 
and synthetic chemicals, making it a low-cost and sustainable alternative, especially for large-scale 
or long-term applications. Moreover, phytoremediation demonstrates multiple co-benefits for 
environmental protection [45, 48]. In addition to removing pollutants such as heavy metals, arsenic, 
and organic contaminants from soil and water [39; 71], it helps prevent the leaching of contaminants 
into groundwater sources [82]. This serves a crucial function in safeguarding drinking water supplies 
and maintaining aquifer health. Certain plant species also contribute to air purification by absorbing 
volatile organic compounds (VOCs) and reducing dust and particulate matter, thereby improving 
local air quality [89]. 

Equally important, phytoremediation enhances the surrounding landscape by restoring 
vegetation cover, which can rehabilitate degraded lands and improve biodiversity [15, 41]. The 
establishment of diverse plant communities through phytoremediation contributes to the restoration 
of ecological functions and supports a variety of species, thereby increasing biodiversity [47]. The 
presence of green vegetation contributes to aesthetic improvement and promotes ecosystem services, 
such as erosion control, microclimate regulation, and carbon sequestration. For instance, vegetation 
cover can stabilize soil, reducing erosion [110], and influence local microclimates by providing shade 
and transpiration cooling [84]. Additionally, plants involved in phytoremediation can sequester 
carbon in their biomass and the soil, contributing to climate change mitigation efforts [47]. These 
features make phytoremediation not only a practical remediation tool but also a catalyst for 
sustainable land and water management practices. 

Numerous studies have demonstrated the effectiveness of phytoremediation in removing a 
range of inorganic pollutants, such as heavy metals [8, 21, 69, 110], as well as organic contaminants. 
For instance, phytoremediation has been successfully applied to remove heavy metals like lead, 
cadmium, and arsenic from contaminated soils and water bodies. Additionally, this green technology 
has shown efficacy in degrading organic pollutants, including BTEX compounds (benzene, toluene, 
ethylbenzene, and xylene) [19, 43], polycyclic aromatic hydrocarbons (PAHs) [57], chlorinated 
solvents [31]such as trichloroethylene [27], and various pesticides [23, 33, 95, 97]. Emerging 
contaminants, including pharmaceuticals and personal care products, have also been targeted using 
phytoremediation strategies, highlighting the versatility and potential of this approach in addressing 
diverse environmental pollutants [57, 61]. 

Today, as environmental pollutants are increasingly detected in various environmental 
compartments [49, 65, 72, 98, 99], phytoremediation has become a suitable solution because it avoids 
the need for multiple costly treatment steps. Phytoremediation utilizes various plant species to 
remove, stabilize, or degrade environmental pollutants, with the selection of specific plants 
depending on the type of contaminant and the site conditions. Different types of contaminants that 
cause harmful effects on human health and other biological systems can be removed by appropriate 
plant species. These plants absorb pollutants from the environment and detoxify their toxic effects. 
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Table 1. Overview of selected plant species used for the removal of specific pollutants in water. 

Plant Type Contaminant Ref. 
S. molesta Dye Tartrazine and Bordeaux red [35] 

Azolla pinnata Dye Methylene blue [6] 
Aster amellus, Glandularia 

pulchella, Zinnia angustifolia 
Dye Acid Orange 7 and Sulfonated 

anthraquinones 
[59] 

Eichhornia crassipes Dye Methylene Blue and Methyl Orange 
Rose bengal, Methylene blue, Crystal 
violet, Auramine O, Rhodamine B, 
Xylenol orange, Phenol red, Cresol 
red, Methyl orange 

[95] 
[90] 

Lemna minor L. Dye Basic Red 46 dye [17] 
Juncus effusus Dye Methyl Red and Methylene Blue [102] 

Pistia stratiotes L, Salvinia adnata Desv, 
and Hydrilla verticillata (L.f) 

Dye Dyeing effluent [2] 

Ceratophyllum demersum and Lemna 
gibba 

Heavy metals Pb and Cr [1] 

Duckweed (Lemna minor) Heavy metals As, Hg, Pb, Cr, Cu, and Zn [77] 
Duckweed (Lemna minor) Heavy metals Pb, Cd, Cu, Cr and Zn [90] 
Duckweed (Lemna minor) Heavy metals Cd [103] 

Hyacinth (E. crassipes) Heavy metals Cd, As and Hg [70] 
Vetiveria zizanioides, Phragmites 

australis, Eichhornia crassipes, Pistia 
stratiotes, Ipomoea aquatica, Nypa 
fruticans and Enhydra fluctuans 

Heavy metals Pb, Cr, Ni, Zn, Cu, As, Cd and Fe [21] 

Pteris vittata and Pityrogramma 
calomelanos 

Heavy metals As [10] 

Lemna minor (L. minor), Elodea 
canadensis (E. canadensis) and Cabomba 

aquatica (C. aquatica) 

Pesticides Copper sulphate (fungicide), 

flazasulfuron (herbicide) and 

dimethomorph (fungicide) 

[76] 

E. crassipes, L. minor, and Elodea 
canadensis 

Pesticides Atrazine, Carbendazim, 

Chlorpyrifos, Coumaphos, 

Diazinon, Ethoprophos, Linuron, 

Parathion, Prochloraz 

[26] 

Hyacinth (E. crassipes) Pesticides Ethion [109] 
Water Lettuce (Pistia stratiotes L.) and 

Duckweed (Lemna minor L.) 
Pesticides Chlorpyrifos [80] 

Typha spp PharmaceuticalsIbuprofen, Carbamazepine 

and Clofibric acid 

[38] 

Typha, Phragmites, Iris, and Juncus PharmaceuticalsIbuprofen and Iohexol [111] 
Vetiver and Phragmites Hydrocarbons PAHs  [9] 

Bruguiera gymnorrhiza, Ceriops 
candolleana, Kandelia candel, and 

Rhizophora mucronata 

Salts Desalination [71] 

Sporobolus virginicus Salts Desalination [44] 
Although phytoremediation has been proven to be highly effective, policies promoting the 

development and real-world application of phytoremediation systems remain underemphasized, 
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particularly in developing countries. Phytoremediation has gained increasing recognition in 
environmental policies across various nations, though the extent of regulatory standardization varies 
significantly [66]. In the United States, the Environmental Protection Agency (EPA) has published 
guidance documents such as the Phytoremediation Resource Guide [21] and Selecting and Using 
Phytoremediation for Site Cleanup [36], while the Interstate Technology and Regulatory Council 
(ITRC) offers technical and regulatory decision trees to support implementation. 

The European Union encourages phytoremediation through directives like the Water 
Framework Directive [39]and the Groundwater Directive, and provides technical standards such as 
EN ISO 17402:2011 for assessing pollutant bioavailability. The United Kingdom incorporates 
phytoremediation within the Contaminated Land Exposure Assessment (CLEA) risk assessment 
framework, and China recognizes it as a potential remediation approach under its Soil Pollution 
Prevention and Control Law. Regional initiatives, such as those in the Baltic region, also provide 
guidance on phytoremediation practices. 

Despite these advances, many countries still lack comprehensive design standards and 
implementation frameworks, highlighting the need for a unified design approach to facilitate policy 
integration and expand the practical use of phytoremediation technologies. In developing countries, 
phytoremediation is attracting attention due to its low cost and eco-friendly nature; however, large-
scale application remains limited. Common challenges include inadequate funding, limited technical 
expertise, and the absence of regulatory frameworks [73]. Some nations, such as India [87], Vietnam 
[10], and certain parts of Africa [67], have implemented small-scale projects using native plant species 
such as Pteris vittata, Brassica juncea, and Vetiver grass [94]. However, these initiatives are often not 
scalable or integrated into national strategies. Greater support is needed in the form of capacity-
building, policy development, and incorporation into environmental planning to enable the broader 
adoption of phytoremediation across these regions. 

The objective of this study is to systematically review and evaluate existing research on 
phytoremediation of contaminants in soil and water, with particular emphasis on key environmental 
parameters, plant species selection, and system design factors that influence remediation 
effectiveness. The study also examines current policy frameworks and real-world implementations 
across different countries. 

Ultimately, this review aims to support the development of a standardized design framework 
and environmental guidelines that can inform and harmonize national strategies. By doing so, it seeks 
to promote the wider adoption of phytoremediation technologies as a sustainable, cost-effective 
solution for pollution control, particularly in regions where conventional remediation methods are 
either financially prohibitive or ecologically disruptive. 

2. Application status of phytoremediation 

Over the past two decades, phytoremediation has emerged as a promising and sustainable 
approach for remediating contaminated environments, particularly in areas affected by 
industrialization, mining, and agricultural runoff [7, 79]. Despite its scientific maturity and ecological 
advantages, the application of phytoremediation varies significantly across regions due to differences 
in environmental policies, technological readiness, and socio-economic priorities [18, 23, 74, 92, 107]. 

In North America and Europe, countries such as the United States, Canada, Germany, and the 
Netherlands have advanced phytoremediation beyond laboratory research into pilot-scale and full-
scale remediation projects. For instance, the U.S. Environmental Protection Agency (EPA) officially 
recognizes phytoremediation as a viable method for treating heavy metals and organic pollutants, 
especially at Superfund and brownfield sites [87]. In Germany, successful use of species like Salix 
(willows) and Populus (poplars) for remediation of cadmium- and zinc-contaminated soils has 
influenced broader land-use rehabilitation strategies, integrating phytoremediation into 
environmental management policies [14, 81]. 

In Asia, countries such as China and India face severe environmental contamination from 
mining and industrial activities. Both nations are actively researching and gradually adopting 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 May 2025 doi:10.20944/preprints202505.2483.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.2483.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 20 

 

phytoremediation. China has invested heavily in identifying hyperaccumulator plants like Pteris 
vittata for arsenic removal [32, 112], while India has demonstrated the cost-effectiveness of species 
such as Vetiveria zizanioides and Brassica juncea for remediation of lead- and chromium-
contaminated soils through field trials [66, 93]. Southeast Asian countries, including Thailand and 
Vietnam, have initiated phytoremediation projects in response to heavy metal pollution from craft 
villages and agricultural runoff, although these remain limited in scale and are hindered by the 
absence of standardized frameworks for design and implementation [21,55]. 

In Latin America and Africa, phytoremediation is an area of growing interest but remains largely 
exploratory. Countries like Brazil and Chile focus on native plants adapted to local contamination, 
especially in mining-affected zones [5, 23, 63, 64, 77, 92]. Similarly, Nigeria, Ghana, and South Africa 
have launched research programs on phytoremediation; however, practical application is restricted 
by limited financial resources, low policy support, and insufficient technical expertise [17, 25, 60, 75]. 

Despite these regional advances, global challenges persist, including the lack of standardized 
protocols for system design, plant selection, and performance evaluation; variability in climatic, soil, 
and hydrological conditions that complicate replicability; and limited integration of 
phytoremediation into national remediation policies, which results in inconsistent funding and 
oversight [81, 96]. 

Recognizing these challenges, international organizations such as the United Nations 
Environment Programme (UNEP) and the Food and Agriculture Organization (FAO) emphasize the 
role of green remediation technologies, including phytoremediation, in meeting Sustainable 
Development Goals (SDGs) [42, 100]. The creation of transnational networks and knowledge-sharing 
platforms is critical to accelerating the global adoption of phytoremediation. Bridging scientific 
advances with coherent policy frameworks is essential for realizing the full potential of 
phytoremediation as a sustainable environmental management tool worldwide. 

3. Current Design Approaches in Phytoremediation Systems 

Phytoremediation, the use of plants to remove, stabilize, or degrade environmental pollutants, 
has been recognized as a sustainable and cost-effective remediation technology. As the method 
transitions from experimental applications to field-scale deployment, the need for standardized 
design approaches becomes increasingly apparent [56]. Standardization not only ensures consistent 
performance and replicability across sites but also facilitates regulatory approval, stakeholder 
confidence, and technology transfer. 

One of the fundamental design components is plant species selection, which must be 
standardized based on pollutant type, site characteristics, and ecological compatibility [56, 57]. 
Currently, choices often rely on local experience or ad hoc criteria. However, the development of 
standardized selection protocols, incorporating plant tolerance thresholds, accumulation capacity, 
and growth rates, can improve system predictability and allow better comparison across projects [68]. 
Creating reference databases of approved phytoremediation species for specific contaminants would 
be a significant step toward harmonized practice. 

Similarly, spatial and structural design elements of phytoremediation systems, such as planting 
density, configuration (e.g., buffer strips, wetland cells), and rooting depth, are often determined on 
a case-by-case basis. Standardizing these parameters based on site typology (e.g., landfill leachate 
treatment vs. heavy metal-contaminated soil) would enhance the scalability of phytoremediation 
technologies [16]. Engineering guidelines can support practitioners in implementing designs that 
optimize hydraulic flow, root-zone contact time, and biomass productivity. 

Soil and substrate amendments, which enhance contaminant bioavailability and plant health, 
also require harmonized application protocols. Currently, the use of materials such as biochar, 
compost, or chelating agents varies widely in composition and dosage [104, 113]. Establishing best 
practice standards, including dosage guidelines, environmental risk assessments, and quality criteria, 
would improve both safety and effectiveness. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 May 2025 doi:10.20944/preprints202505.2483.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.2483.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 20 

 

In systems targeting groundwater or leachate treatment, hydrological design is critical. 
Standardized configurations for flow direction, water retention time, and drainage systems can help 
ensure that contaminants are adequately exposed to plant roots and associated microbial 
communities. Moreover, these standards would facilitate regulatory assessment of system 
performance under different climatic and hydrological conditions. 

To ensure long-term success, monitoring and maintenance protocols must also be standardized. 
Uniform guidelines for sampling frequency, contaminant analysis, plant biomass harvesting, and 
health indicators are needed to assess system functionality and environmental safety. The integration 
of remote sensing and GIS tools into standard monitoring protocols offers a promising approach for 
large-scale applications [74]. 

In conclusion, while phytoremediation remains a flexible and adaptive technology, the 
advancement of standardized design frameworks is essential to unlock its full potential. A 
harmonized approach would bridge the gap between research innovation and practical 
implementation, enabling broader acceptance of phytoremediation as a viable tool in national and 
international environmental remediation strategies. 

 

Figure 1. Schema of standard phytoremediation system. 

Plant species are selected based on a standardized catalog that aligns with the type of pollutant 
targeted. The root zone depth and the type of soil amendment materials, such as biochar or organic 
compost, are applied at predetermined ratios. The subsurface drainage layer follows an engineered 
design that ensures ease of maintenance and potential reuse. An outlet monitoring station is installed 
to record treatment performance according to standardized sampling frequencies. Additionally, an 
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optional automated control unit is integrated to collect real-time data and issue alerts when 
parameters exceed threshold limits. 

4. Critical Environmental Factors Affecting Phytoremediation Efficiency 

Water plays a central role in phytoremediation systems, particularly in designs aimed at treating 
contaminated wastewater, surface runoff, or groundwater. The quality, quantity, and dynamics of 
water within these systems significantly influence contaminant mobility, plant health, and microbial 
activity. To enhance the reliability and scalability of phytoremediation, there is an increasing need to 
standardize key water-related environmental parameters across various applications and site 
conditions. 

The chemical composition of the water, such as pH, electrical conductivity (EC), dissolved 
oxygen (DO), nutrient concentrations (e.g., nitrogen, phosphorus), and presence of heavy metals or 
organic pollutants, directly affects contaminant bioavailability and plant uptake mechanisms. 
Standardizing baseline water quality assessments (e.g., pH 6.0–8.0, DO ≥ 5 mg/L) and defining 
threshold values for phytotoxicity would ensure consistent treatment performance across systems. 

Table 2. Water Chemical Parameters and Proposed Standardized Values for Phytoremediation. 

Parameter Unit 
Proposed 

Value 
Significance and Notes 

Ref. 

pH – 6.0 – 8.0 
A neutral pH range optimizes metal uptake 
and microbial activity. 

[7, 46, 93] 

Electrical 
Conductivity (EC) 

µS/cm ≤ 2500 High values may indicate salinity or ionic 
pollution, which can affect plant health. 

[11, 22, 
111] 

Dissolved 
Oxygen (DO) 

mg/L ≥ 5.0 
Essential for root and microbial respiration 
in the rhizosphere. 

[54, 105] 

Nitrate (NO₃⁻) mg/L ≤ 10 
High concentrations can lead to 
eutrophication; plants can absorb and reduce 
the load. 

[11, 53, 54, 
27] 

Phosphate (PO₄³⁻) mg/L ≤ 0.1 
Limited to prevent eutrophication; aquatic 
plants can absorb it effectively. 

[9, 27] 

Cadmium (Cd) µg/L ≤ 5 Highly toxic; must be controlled to avoid 
harm to plants and aquatic life. 

[11, 103] 

Lead (Pb) µg/L ≤ 10 
Highly toxic; plants can absorb and 
accumulate it in tissues. 

[1, 8, 12, 14, 
46, 78] 

Arsenic (As) µg/L ≤ 10 Highly toxic; must be regulated to ensure 
ecological safety. 

[11, 22, 81, 
90] 

Zinc (Zn) µg/L ≤ 5000 
Essential in trace amounts; high levels can be 
phytotoxic. 

[34, 55] 

Copper (Cu) µg/L ≤ 2000 Essential in trace amounts; high 
concentrations may be toxic to plants. 

[27, 34] 

The rate at which water is introduced into the system influences retention time, contaminant 
contact with the rhizosphere, and oxygen levels. Overloading can reduce treatment efficiency and 
cause plant stress. A standardized HLR range (e.g., 2–10 cm/day for constructed wetlands) could 
guide the dimensioning of phytoremediation units and ensure optimal hydraulic conditions for 
different plant species and contaminant types. 

Table 3. Proposed Hydraulic Loading Rates (HLR) for Phytoremediation Systems. 

System Type Recommended 
HLR 

Reference Source 

Horizontal Subsurface Flow Wetland (HSSF) 2–10 cm/day [21, 50, 54, 101] 
Vertical Subsurface Flow Wetland (VSSF) 5–20 cm/day [50, 54, 106] 
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Municipal Wastewater Treatment System 
0.2–0.5 

m³/m²/day 
[21, 22, 101] 

Domestic Wastewater Treatment System 0.15–0.3 
m³/m²/day 

[20, 52, 83, 85, 91, 105, 106] 

Light Industrial Wastewater Treatment 
System 

0.1–0.25 
m³/m²/day 

[85, 89, 106] 

When applying Hydraulic Loading Rate (HLR), it is essential to adjust the rate according to the 
specific type of phytoremediation system and treatment objectives to ensure optimal performance. 
An excessively high HLR can lead to insufficient water retention time, reducing contaminant removal 
efficiency and causing stress to plants. Conversely, a very low HLR may result in the accumulation 
of pollutants and decreased treatment effectiveness due to oxygen deficiency and limited microbial 
activity. Additionally, climatic conditions and the plant species used significantly influence the 
optimal HLR, and these factors should be carefully considered during system design. 

Whether water is applied continuously, intermittently, or in pulses affects root oxygenation, 
microbial activity, and system resilience. Standardizing operational modes and recommending flow 
regimes tailored to system type (e.g., horizontal vs. vertical flow wetlands) would help stabilize 
treatment performance under variable loading. 

Table 4. Effects of Flow Regimes on Phytoremediation System Performance. 

Flow Regime Characteristics Impact on System Design Recommendations Ref. 

Continuous 

Water is 
continuously 

supplied to the 
system. 

Maintains a stable 
environment for 
microorganisms.  

– May lead to reduced 
dissolved oxygen in the 

rhizosphere. 

Suitable for horizontal 
subsurface flow (HSSF) 
systems.  
– Ensure natural aeration or 
oxygen supplementation. 

[15, 21, 
101] 

Intermittent 

Water is supplied 
in cycles, with 
resting periods 
between doses. 

Enhances oxidation in the 
rhizosphere.  

– Stimulates aerobic microbial 
activity.  

– Reduces clogging risks. 

Suitable for vertical 
subsurface flow (VSSF) 
systems.  
– Requires timing control for 
water dosing. 

[107, 

113] 
 

Pulsed 

Water is 
delivered in short 

bursts, creating 
brief, intense 

flows. 

Improves water and oxygen 
distribution.  

– Increases contact efficiency 
between water and root zone. 

Requires precise pumping 
and control systems.  
– Suitable for high-load 
treatment in short periods. 

[37] 

     
The selection of an appropriate flow regime depends on the type of system, the nature of the 

contaminants to be treated, and the specific environmental conditions. Vertical subsurface flow 
systems (VSSF) commonly employ intermittent or pulsed flow modes to enhance oxygenation and 
microbial activity, whereas horizontal subsurface flow systems (HSSF) typically operate under 
continuous flow to maintain stable conditions. Standardizing flow regimes and ensuring proper 
system design are crucial steps to optimize treatment efficiency and support long-term system 
sustainability. 

Temperature plays a key role in the effectiveness of phytoremediation systems, influencing plant 
metabolism, microbial activity, and the solubility of contaminants. In cooler climates, treatment 
efficiency is often lower due to slower biological processes. Including recommended operational 
temperature ranges (e.g., 15–35°C) in standardized guidelines helps define seasonal expectations and 
guide the selection of appropriate plant species. Below is a summary table showing how different 
water temperature ranges affect treatment performance and which plant species are best suited to 
each range. 
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Table 5. Summary of Temperature Effects on Treatment Efficiency and Suitable Plant Species. 

Temperature 
Range (°C) 

Impact on Treatment Efficiency Suitable Plant Species Ref. 

< 15°C 
Reduced plant and microbial metabolic 

rates. – Lower removal efficiency for 
organic pollutants and heavy metals. 

Egeria densa, Ludwigia natans, 
Eleocharis acicularis 

[31, 51, 
47, 62] 

15–20°C 
Beginning of enhanced biological activity. 

– Slight improvement in treatment 
performance. 

Eichhornia crassipes (water 
hyacinth), Pistia stratiotes (water 

lettuce) 

[23, 85] 

20–30°C 

Optimal range for most species. – 
Enhanced uptake of heavy metals and 

organics. – Increased microbial and 
enzymatic activity. 

Typha latifolia (cattail), 
Ricciocarpus natans, Arundo 

donax (giant reed), Eichhornia 
crassipes 

[3, 24] 

> 30°C 
Reduced performance due to heat stress. – 
Lower metal uptake. – Inhibited microbial 

and enzymatic processes. 

Some heat-tolerant species like 
Arundo donax, but require close 

monitoring. 

[24, 31, 
51, 47] 

The optimal temperature range for phytoremediation is considered to be 20–30°C, with peak 
heavy metal uptake observed at 25–30°C (TechScience.com, 2022). When temperatures exceed 30°C, 
many species such as Eichhornia crassipes may experience heat stress, resulting in reduced treatment 
performance (ResearchGate, 2023). Therefore, choosing plant species suitable for the local 
temperature conditions is critical to maintaining the system's effectiveness. 

To ensure the effective and comparable application of phytoremediation technologies across 
different sites, the establishment of standardized water conditions is crucial. This involves 
implementing baseline water quality testing protocols to support informed site selection and ongoing 
system monitoring. Additionally, it is necessary to define acceptable ranges for critical water 
parameters, including pH, dissolved oxygen (DO), electrical conductivity (EC), and nutrient 
concentrations. Developing comprehensive guidance documents that align hydraulic and flow 
design with water characteristics and treatment objectives will further enhance system performance. 
Moreover, promoting the creation of reference databases that document contaminant removal 
efficiencies by various plant species under specific water conditions will provide valuable insights 
for future applications. By integrating these standardized water-related design criteria into 
phytoremediation planning, the field can achieve more predictable outcomes and facilitate wider 
adoption as a viable environmental remediation strategy. 

5. Contaminant Characteristics 

Bioavailability of contaminants is a key factor determining the effectiveness of 
phytoremediation, as it reflects the extent to which pollutants can be absorbed and metabolized by 
plants in water or soil environments [56]. To work toward standardization and future policy 
development for phytoremediation applications, it is necessary to establish specific regulations for 
assessing and controlling the bioavailability of contaminants at treatment sites [52, 86]. 
Environmental factors such as pH, temperature, soil composition, and the physicochemical 
properties of the medium must be measured and standardized to ensure bioavailability levels are 
suitable for maximizing plant uptake and degradation of pollutants [89]. Additionally, the role of 
chelating agents and microorganisms in modifying and enhancing bioavailability should be further 
studied and incorporated into technical guidelines, aiming to optimize treatment conditions and 
improve the efficiency of phytoremediation [114]. Establishing these standards will not only ensure 
consistency in technology implementation but also provide a solid legal foundation for deploying 
biological pollution treatment projects at national and international levels [42, 100, 101]. 

The chemical speciation of contaminants plays an important role in determining the 
effectiveness of phytoremediation, as different forms, such as ions, organic compounds, or metal 
complexes, exhibit varying levels of toxicity and plant uptake potential [96]. To standardize the 
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application and management of this technology, it is essential to develop procedures for identifying 
and analyzing the chemical forms of pollutants at treatment sites to accurately assess pollution risk 
and the treatment capacity of plant systems. Furthermore, research on the transformation of 
contaminant species under different environmental conditions, as well as during the 
phytoremediation process, must be standardized to ensure proper control and optimization of 
operational conditions [7, 56]. Establishing technical standards related to chemical speciation will 
enhance accuracy in evaluating treatment effectiveness and support the development of 
environmental management policies, enabling the sustainable, safe, and efficient application of 
phytoremediation in the future. 

The concentration of contaminants in the environment, such as in water, soil, or sediment, is one 
of the most direct factors influencing the effectiveness of phytoremediation. Determining and 
standardizing the presence levels of pollutants at treatment locations is essential to ensure that plant 
systems can operate optimally. Excessive concentrations can cause toxicity or stress in plants, 
reducing their ability to absorb and degrade contaminants, while concentrations that are too low may 
fail to adequately trigger effective treatment responses [89, 96]. Therefore, establishing standards for 
optimal concentration thresholds for each contaminant type and plant species used in 
phytoremediation will help guide system selection and design, ensuring sustainability and long-term 
efficiency of environmental remediation projects. Policies and technical guidelines should be built on 
scientific data to manage and control contaminant concentrations, thereby facilitating the broad 
application of phytoremediation technologies in the future. 

The interaction among properties such as chemical speciation, bioavailability, and concentration 
of contaminants plays a decisive role in the performance of plant-based treatment systems in 
phytoremediation [7, 114]. The combination of contaminant speciation and bioavailability directly 
affects the absorption and transformation capacity of plants, while contaminant concentration 
determines the level of exposure and impact on organisms. Additionally, environmental factors such 
as pH, temperature, humidity, and the characteristics of the soil or aquatic medium also influence 
these properties, thereby affecting treatment efficiency and system stability. For practical and 
sustainable phytoremediation applications, the development of standards and management policies 
must emphasize integrated evaluation of these interacting factors to optimize operating conditions 
and ensure the effectiveness of pollution treatment in environmental projects. 

6. Post-Harvest Management of Contaminant-Loaded Biomass 

Once phytoremediation plants have accumulated pollutants, the harvested biomass becomes a 
secondary waste stream that must be managed safely and economically. Best practice begins with 
controlled harvesting schedules that minimize mechanical disturbance and prevent re-release of 
contaminants to water bodies or adjacent soil [7, 80]. Immediately after harvest, biomass should be 
characterized for total contaminant load, moisture content, and calorific value to determine an 
appropriate end-of-life pathway [87]. 
 Secure Containment and Disposal – For biomass containing high levels of persistent or highly 

toxic elements (e.g., Hg, Cd, Pb), secure landfill disposal or hazardous-waste incineration 
remains the most widely accepted option. Ashes from high-temperature incineration must be 
stabilized or vitrified before landfilling to avoid leaching. 

 Thermochemical Conversion – Where metals are present at moderate concentrations, pyrolysis, 
gasification, or controlled combustion can recover energy and leave a reduced-volume ash that 
can be further treated. Recent studies show that co-firing Typha latifolia and Eichhornia crassipes 
with conventional biomass can yield renewable heat while concentrating metals into an ash phase 
for recycling or secure disposal [3]. 

 Phytomining and Metal Recovery – Hyperaccumulator biomass rich in Ni, Zn, or Au can be 
processed to recover valuable metals through smelting or bio-hydrometallurgical leaching. Pilot 
projects using Pteris vittata for As and Brassica juncea for Pb recovery demonstrate technical 
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feasibility, although economic viability depends on metal market prices and biomass logistics 
[13, 87]. 

 Composting and Biochar Production – For biomass primarily laden with nutrients or low-toxicity 
organics, composting can recycle organic matter, provided periodic leachate monitoring confirms 
contaminant levels remain below agronomic thresholds. Alternatively, converting biomass to 
biochar via low-temperature pyrolysis immobilizes many metals and generates a sorptive 
material useful for further water treatment [104]. 

 Carbon Sequestration and Ecosystem Services – Fast-growing species such as willow and poplar 
can be harvested in short rotations; their incorporation into bioenergy-carbon-capture chains 
contributes to negative-emission strategies while safely removing pollutants from aquatic 
systems [85]. 

 Regulatory Alignment – National waste regulations should classify phytoremediation biomass 
based on contaminant thresholds, specify transport and storage protocols, and set emission limits 
for thermochemical processing. Harmonized criteria will streamline permitting and assure public 
safety [53, 100]. 

 Life-Cycle Assessment (LCA) – Incorporating LCA into design guidelines helps compare 
disposal routes on the basis of greenhouse-gas emissions, resource recovery, and long-term 
liability, guiding stakeholders toward the most sustainable option [108]. 
Implementing a decision matrix that matches contaminant profile, biomass quantity, and local 

infrastructure with the best end-use pathway will close the loop between phytoremediation and 
waste management, ensuring that environmental gains are not offset by downstream risks. 

7. Implications for Policy and Large-Scale Adoption 

7.1. Opportunities for National Environmental Remediation Programs 

The standardization of phytoremediation design and processes presents significant 
opportunities to enhance the effectiveness, reproducibility, and scalability of water treatment 
systems. Given the diverse nature of water bodies, including rivers, lakes, wetlands, and industrial 
effluents, each with unique physicochemical characteristics and contamination profiles, establishing 
a consistent yet adaptable framework is crucial. Such standardization would allow the development 
of design protocols that accommodate variability while ensuring reliable treatment outcomes. 

A key aspect of standardization lies in defining critical design parameters such as the selection 
of appropriate plant species, planting densities, hydraulic retention times, substrate properties, and 
nutrient management practices. Clear guidelines on these factors will support system optimization 
and ease of replication across different contexts. Furthermore, the establishment of standardized 
protocols for assessing contaminant bioavailability and chemical speciation in water is essential. 
Uniform analytical methods and reporting formats will enable accurate prediction of 
phytoremediation potential and facilitate meaningful comparisons across studies and treatment sites. 

Monitoring and performance evaluation also benefit from standardization through the adoption 
of consistent indicators and measurement protocols. Parameters such as contaminant removal 
efficiency, plant health metrics, and water quality changes should be uniformly assessed to 
objectively evaluate treatment success and inform ongoing management. Additionally, 
environmental and operational variables, including temperature, pH, water flow dynamics, and 
seasonal changes, should be integrated into design frameworks to enhance system resilience and 
adaptability. 

The incorporation of supporting technologies, such as chelating agents, microbial inoculants, 
and substrate amendments, presents further opportunities for standardizing best practices that 
maximize contaminant uptake and degradation. Defining when and how to apply these enhancers 
will improve treatment efficiency and predictability. 

Moreover, standardized design and operational guidelines will facilitate technology transfer by 
providing clear criteria for regulatory approval and compliance. This, in turn, can increase confidence 
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among policymakers, practitioners, and stakeholders, thereby accelerating the adoption of 
phytoremediation as a mainstream water treatment solution. 

Finally, standardization plays a vital role in optimizing cost-effectiveness and risk management. 
By identifying threshold contaminant concentrations and operational limits, standardized 
frameworks can guide safe and economically viable applications, ensuring the long-term 
sustainability of phytoremediation projects at both local and larger scales. 

7.2. Integration into Regulatory Guidelines and Sustainability Plans 

Integrating phytoremediation into existing regulatory frameworks and sustainability initiatives 
is essential to promote its widespread and responsible use in water treatment. Currently, many 
environmental regulations lack specific provisions addressing the application and monitoring of 
phytoremediation technologies, which can hinder their formal adoption and funding support. 
Developing clear regulatory guidelines that explicitly recognize phytoremediation as a viable 
treatment option will provide a legal basis for implementation and ensure consistent quality and 
safety standards across projects. 

Such guidelines should encompass standardized criteria for site assessment, contaminant limits, 
plant species selection, monitoring protocols, and performance evaluation. Regulatory frameworks 
must also address potential risks associated with phytoremediation, including the management of 
biomass containing accumulated contaminants and the prevention of unintended ecological impacts. 
By incorporating these elements, regulations can help mitigate environmental and human health 
risks while enabling innovation and flexibility in phytoremediation applications. 

Beyond regulation, embedding phytoremediation within broader sustainability and 
environmental management plans will enhance its role in achieving long-term ecological restoration 
and pollution control goals. Phytoremediation aligns with principles of green remediation by 
minimizing chemical inputs and energy consumption, promoting biodiversity, and supporting 
ecosystem services. Therefore, sustainability plans should explicitly include phytoremediation 
strategies as part of integrated water resource management, wetland restoration, and contaminated 
site rehabilitation efforts. 

Furthermore, the integration of phytoremediation into sustainability frameworks facilitates 
cross-sector collaboration among government agencies, researchers, industry, and local communities. 
It encourages knowledge sharing, capacity building, and the development of pilot projects to 
demonstrate effectiveness and refine best practices. Such collaborative approaches are crucial for 
scaling up phytoremediation technologies and ensuring their social acceptance. 

In summary, embedding phytoremediation into regulatory guidelines and sustainability plans 
provides a foundation for standardized, safe, and effective application. It supports environmental 
policy objectives by advancing innovative treatment solutions that are both economically viable and 
ecologically responsible, contributing to the sustainable management of water resources and 
pollution mitigation. 

7.3. Recommendations for Policymakers and Stakeholders 

To fully realize the potential of phytoremediation as an effective and sustainable water treatment 
technology, policymakers and stakeholders must take proactive and coordinated actions. 
Policymakers should prioritize funding for multidisciplinary research focused on improving 
phytoremediation techniques, including plant selection, contaminant bioavailability enhancement, 
and system optimization under diverse environmental conditions. Investment in developing 
standardized methodologies for site assessment, monitoring, and performance evaluation is critical 
to build a robust evidence base supporting regulatory approval and practical implementation. 
Stakeholders, including regulatory agencies, scientific communities, and industry experts, should 
collaborate to create comprehensive technical standards and guidelines that define best practices for 
phytoremediation design, operation, and monitoring. These standards will help ensure consistency, 
reliability, and safety across projects, facilitating regulatory acceptance and investor confidence. 
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Raising awareness and building technical expertise among environmental managers, practitioners, 
and local communities are essential for the successful deployment of phytoremediation. Training 
programs and knowledge-sharing platforms should be established to equip stakeholders with the 
necessary skills to design, operate, and maintain phytoremediation systems effectively. 
Implementing pilot-scale phytoremediation projects in diverse settings can demonstrate the 
technology’s feasibility, identify operational challenges, and generate site-specific data. Governments 
and stakeholders should support these initiatives through grants, public-private partnerships, or 
incentives, enabling adaptive management and refinement of technical approaches. Effective 
phytoremediation deployment requires coordinated efforts among policymakers, researchers, 
industry players, non-governmental organizations, and affected communities. Establishing forums 
and networks to facilitate dialogue, share experiences, and align goals will strengthen cooperation 
and enhance the technology’s social acceptance and sustainability. Finally, policymakers should 
explicitly incorporate phytoremediation within national and regional environmental management 
strategies, pollution control plans, and sustainability agendas. Clear policy frameworks that 
recognize phytoremediation as a complementary or alternative treatment option will create a 
supportive environment for innovation and investment. By following these recommendations, 
policymakers and stakeholders can accelerate the responsible development and scaling of 
phytoremediation technologies, contributing to improved water quality, ecosystem health, and 
community well-being. 

8. Conclusion 

Phytoremediation continues to demonstrate strong potential as an environmentally friendly and 
cost-effective technology for treating polluted water and soil systems. Its performance is influenced 
by a complex interplay of factors, including contaminant bioavailability, chemical speciation, 
pollutant concentration, hydrological conditions, temperature, and the selection of site-specific, 
resilient plant species. To ensure consistent, safe, and effective application, it is imperative to establish 
standardized design frameworks and technical regulations that reflect these variables. 

Importantly, phytoremediation offers an accessible and sustainable solution for pollution 
control, particularly suited to the needs of developing and low-income countries, where financial and 
technical resources for conventional remediation may be limited. These countries are strongly 
encouraged to proactively develop and adopt national standards and operational guidelines for 
phytoremediation. By doing so, they can integrate this method into their environmental management 
systems in a way that maximizes local advantages, low cost, low infrastructure requirements, and 
minimal environmental disruption, while also aligning with global sustainability goals. 

Incorporating phytoremediation into national environmental programs opens valuable 
opportunities for ecological restoration, especially in areas affected by industrial or agricultural 
contamination. To facilitate this, regulatory frameworks must define environmental suitability 
criteria, pollutant categories, monitoring protocols, and biomass disposal standards. Managing the 
contaminated plant biomass after pollutant uptake is also critical, particularly for hazardous elements 
like Hg, Cd, or Pb, and requires safe disposal methods such as secure landfilling or high-temperature 
incineration with proper ash stabilization to prevent secondary pollution. 

Ultimately, the advancement of phytoremediation calls for a holistic and interdisciplinary 
approach, combining science, policy, and community engagement. Investments in research, pilot 
projects, public education, and technical capacity building will be essential. With strategic support, 
phytoremediation can play a central role in helping both developed and developing nations achieve 
long-term environmental resilience and pollution mitigation in a sustainable and inclusive manner. 
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