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Abstract 

Land disposal of hazardous waste is one of the worst issues with regard to environmental 

management. Amid the rising wave of industrial, agricultural, and biomedical discoveries, the 

challenge of disposing of waste through land has become a widespread menace to soil fertility, 

balance in the ecosystem, and health. The present study would look at the various impacts that 

hazardous waste has on both the land system and the soil system and would then study in detail 

the advanced methods of the treatment of hazardous waste, like the technology of nanotechnology 

treatment, electro-treatment, and genetic engineering microbial intervention. We believe that 

enduring legacies of hazardous waste can only be tackled by an integrated framework that is a 

blend of environmental thinking, coupled with technological inventiveness. The current study 

provides a review of the existing knowledge base, introduces the new developments, and provides 

a future perspective on land stewardship. 

Keywords: Hazardous waste, land pollution, remediation, nanotechnology, phytoremediation, 
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1. Introduction 

Soil is usually undervalued in its real value, even though it is the basis of earthly life. It is not 

simply soil under our feet, but the biological soil is a working environment that is comprised of 

minerals, organic matter, air, water, and a rich population of microorganisms. Soil harbors 

biodiversity facilitates food production, filters water, and aids in the regulation of the carbon cycle 

on the planet. However, this invaluable commodity is in great danger, much of which is as a result 

of the irresponsible disposal of toxic waste1. Although the planet is capable of cleaning itself to 

some extent, it cannot cope with uncontrollable amounts of pollution produced by mankind. The 

amount of hazardous waste generated in the world each year, which reaches above 400 million 

tonnes, is mishandled most of the time, with mismanagement typically involving throwing it into 

open land or landfills that are mostly poorly controlled 2. Unrestrained urbanization, industrial 

activity combined with oversaturating of farming with chemicals, has only fueled the problem 
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further, resulting in a toxic cocktail of harmful chemicals such as heavy metals, petroleum 

products, and contaminated soils. 

What is especially dangerous about hazardous waste is that it is persistent and toxic. Lead, 

cadmium, mercury, and polycyclic aromatic hydrocarbons (PAHs) are examples of substances that 

do not degrade readily. These wastes may remain in the soil for many years, unlike organic waste, 

which may decompose over a period of time, thereby destroying the physical, chemical, and 

biological balance of the soil. They damage the delicate microbial populations that are necessary 

for the healthy soil and are used in plant growth 3. Lower-income areas with poor waste 

management systems allow waste to be discarded in farmland, abandoned industrial areas, and 

areas where marginalized communities live without the funds to defend themselves. It leads to the 

long-term experience of poisoned air, water, and soil 4. 

Heavy metals and chemicals in petroleum products are some of the most significant pollutants 

because they disturb key microbial cycles that recycle nutrients and sustain plant productivity. To 

take an example, cadmium and lead interfere with the symbiotic relationship between legumes and 

Rhizobium bacteria and decrease the fixation of nitrogen in the soil 5. In a related move, petroleum-

based PAHs not only reduce soil fertility but also lead to severe health risks as they may leak into 

crops and groundwater, as well as cause cancer and genetic mutations 6. 

In addition to these biological effects, hazardous waste is able to change the soil physically. Such 

wastes as fly ash in incinerators or coal combustion, or municipal waste, may alter the soil texture 

and water and nutrient holding capacity. Biomedical waste ash, usually containing high levels of 

toxic metals such as chromium, cadmium, and lead, may substantially change the pH of the soil 

and its floristic potential 7. Such consequences are not just superficial; the contaminants usually 

find their way into ground waters, which provide a very significant source of drinking water to 

billions of people. These toxins can potentially be accumulated in the human food chain because 

after their intake into the plants, they end up in the human food chain, leading to bioaccumulation 

and its long-term consequences8 . 

 
3Dubey, A., Malla, M.A., Khan, F., Chowdhary, K., Yadav, S., Sharma, S., Khare, P.K., Khan, M.L. (2019). Soil 

microbiome: a key player for conservation of soil health under a changing climate. Biodiversity and Conservation, 

28:2405–2429. 
4Livinus, M.U., Bala, S.Z., Abdulsalam, M., Innocent, M.O., Hassan, M. & Kini, P. (2024). Natural Occurrences of 

Soil Dilapidation. In: Prospects for Soil Regeneration and Its Impact on Environmental Protection. Cham: Springer 

Nature Switzerland; P. 205–223. 
5 Jach, M.E., Sajnaga, E. & Ziaja, M. (2022). Utilization of legume-nodule bacterial symbiosis in phytoremediation 

of heavy metal-contaminated soils. Biology, 11(5):676.  
6Saheed, Y.K., Balogun, B.F., Odunayo, B.J. & Abdulsalam, M. (2023). Microarray gene expression data 

classification via Wilcoxon sign rank sum and novel Grey Wolf optimized ensemble learning models. IEEE/ACM 

Transactions on Computational Biology and Bioinformatics, 20(6):3575–87.  
7 Alengebawy, A., Abdelkhalek, S. T., Qureshi, S. R., & Wang, M. Q. (2021). Heavy Metals and Pesticides Toxicity 

in Agricultural Soil and Plants: Ecological Risks and Human Health Implications. Toxics, 9(3), 42. 

https://doi.org/10.3390/toxics9030042  
8 Sonone, S.S., Jadhav, S., Sankhla, M.S. & Kumar, R. (2020). Water contamination by heavy metals and their toxic 

effect on aquaculture and human health through the food chain. Letters in Applied NanoBioScience; 10(2):2148–66. 
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But in reality, the menace of hazardous waste is much more than a mere environmental nuisance, 

and it is nothing less than a systemic crisis. It compromises food security, jeopardizes ecosystems, 

jeopardizes sustainable agriculture, and imposes a huge economic burden through loss of 

productivity and increased healthcare expenditures. Another important ethical concern is also 

voiced by it: are we leaving a poisonous legacy to the new generations. 

Hazardous waste is an inevitable by-product of modernity rather than as a characteristic problem 

of the planetary future. This article addresses the issue of toxic pollution ruining soil systems and 

points out emergent remediation technologies that offer hope to repair the damage. What is more 

important, it requires us to change our mindset. It is high time to not only perform the cleanup of 

the polluted ground, but to reconsider the relation to the soil as to the very ground supporting life. 

2. Environmental Significance and Societal Relevance 

The technical dimension of hazardous waste management is just the tip of the iceberg, as hazardous 

waste management is also a matter of both social and environmental justice that spans across 

generations. Though the effect is critical, the problem is normally underrepresented in international 

policymaking. However, it is squarely related to a number of United Nations Sustainable 

Development Goals (SDGs) such as SDG 3 (Good Health and Well-being), SDG 6 (Clean Water 

and Sanitation), and SDG 15 (Life on Land). Such links demonstrate that not only does poor 

management of hazardous waste negatively affect the environment, but it also negatively impacts 

human health and frustrates any attempts at pursuing sustainable development. 

One of the issues of concern here is the increased inequality in the disposal of waste. Most low 

and middle-income nations, especially in Sub-Saharan Africa, tend to discharge hazardous waste 

to open sites that are unregulated. Such dumpsites are often located close to marginalized societies 

and have no safety rules or supervision 9. This is not just a coincidence; it is also a way of systemic 

negligence and exclusion of such communities in the decision-making process that directly 

impacts their environment and welfare 10. 

Consequently, these regions turn into what can be characterized by some scholars as the so-called 

toxic landscapes, the locations where industrial and medical waste is thrown away irresponsibly, 

perhaps even in the vicinity of crops. The existing communities in such places are condemned to 

use polluted air, water, and soil, and they have to live with the health and environmental costs of 

a problem they could hardly say anything about11. Heavy metals and dioxins are openly burned 

together with electronic waste and industrial waste products that infiltrate the nearby waters and 

soil12. Populations that have close exposure to informal biomedical waste pits are often 

 
9 Yadav, H., Shah, D., Sayed, S., Horton, S. & Schroeder, L.F. (2021). Availability of essential diagnostics in ten 

low-income and middle-income countries: results from national health facility surveys. Lancet Global Health 

9(11):e1553–60.  
10 Kamoto, J., Clarkson, G., Dorward, P. & Shepherd, D. (2013). Doing more harm than good? Community-based 

natural resource management and the neglect of local institutions in policy development. Land Use Policy, 35:293–

301.  
11 Kamoto. J. et al. (2013). Ibid. 
12 Grant, R., Oteng-Ababio, M. $ Shin, M. (2024). Academic urban legend, Agbogbloshie: Sweeping away the 

“World’s Largest E-Waste Dumpsite”. Habitat International,149:103097. 
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characterized by high morbidity of respiratory diseases, skin infections, and intestinal diseases 13. 

These are just a few real-life cases that are a graphic illustration of the consequences of 

irresponsible waste management of hazardous waste, which requires immediate and universal 

action. 

Table 1: Common health impacts associated with land-based hazardous waste exposure, supported 

by epidemiological evidence. 

Contaminant Primary Exposure 

Route 

Health Outcomes Source Example 

Lead Ingestion/inhalation Cognitive impairment, 

hypertension 

Battery recycling 

sites (Ramírez et 

al. 2021) 

Cadmium Ingestion Kidney dysfunction, bone 

demineralization 

Industrial effluents 

(Lei et al. 2024) 

Dioxins/PCBs Ingestion (fatty 

foods) 

Endocrine disruption, 

immune suppression 

Open burning of e-

waste (Fiolet et al. 

2022) 

PAHs Inhalation/dermal 

contact 

Carcinogenesis, 

reproductive toxicity 

Petroleum spills 

(Montano et al 

2025) 

Biomedical waste 

(pathogens, 

mercury) 

Airborne, contact Zoonoses, antibiotic 

resistance, and heavy 

metal toxicity 

Unregulated clinics 

(Kukreti et al. 

2024) 

Hazardous waste is not only toxic. Climate change is a multiplier since it can aggravate the 

mobility and toxicity of contaminants. The increase in temperature may increase the volatilization 

process of volatile organic compounds (VOCs), and unpredictable rainfall may facilitate the 

percolation of leachates into groundwater 14. It forms a vicious cycle where poor soil quality leads 

to impure agricultural products, which further decreases food security, causing rural citizens to 

move to cities, where many of them live in unofficial housing that has already suffered 

environmental hazards. Mathematically, the relationship between precipitation (P), contaminant 

concentration (C), and leachate migration depth (D) in unsaturated soils can be approximated using 

a modified advection–dispersion model: 

(1)
qC

D


=  

Where: 

• q is the infiltration rate (cm/day), 
 

13 Ravindra, K., Sareen, A., Dogra, S. & Mor, S. (2023). Appraisal of biomedical waste management practice in 

India and associated human health and environmental risk. Journal of Environmental Biology, 44(4):541–551.  
14 Alao JO. (2025). The factors influencing the landfill leachate plume contaminants in soils, surface and 

groundwater, and associated health risks: A geophysical and geochemical view. Public Health Environ.1(1):20–43. 
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• C is the initial concentration of the contaminant (mg/L), 

• θ is the soil moisture content, 
• λ is the attenuation coefficient. 

This equation illustrates how even modest increases in rainfall (q) can significantly deepen the 

vertical migration of hazardous substances, particularly in sandy or poorly buffered soils. As a 

result, what begins as a localized contamination event can quickly become a diffuse, landscape-

scale problem. 

 

From a societal perspective, these dynamics produce unequal burdens. Children in proximity to 

waste dumps are especially vulnerable due to their developing physiology and behaviors such as 

hand-to-mouth activity. Women involved in informal waste picking face higher risks of 

reproductive health problems due to chronic exposure to metals and biohazards 15. Moreover, the 

economic impacts are substantial. Contaminated lands lose agricultural value, and healthcare 

systems are strained by preventable diseases linked to environmental exposures 16. Policy inaction 

is partly a reflection of the compartmentalized nature of governance. Waste management is often 

treated in silos—technically as an engineering problem, rather than as a cross-sectoral challenge 

that touches on health, environment, justice, and development. However, integrated approaches 

such as the "One Health" model—which emphasizes the interconnectedness of human, animal, 

and environmental health—offer promising frameworks for reimagining waste governance 17. 
 

3. Nature and Mechanisms of Land-based Hazardous Waste Contamination 

The terrestrial environment today is an unintended reservoir for a spectrum of hazardous materials 

originating from diverse anthropogenic activities. From the industrial heartlands of the global north 

to the informal waste zones of the global south, soil systems have absorbed decades of toxic 

legacies. The nature of these contaminants is as varied as their sources, each with distinct 

physicochemical properties and mechanisms of persistence that render remediation efforts 

technically challenging and resource intensive. 
 

3.1 Typologies of Land-based Hazardous Waste 

Hazardous waste disposed of on land can be categorized broadly into inorganic and organic 

pollutants, along with biological and radioactive constituents. Table 2 summarizes the major 

types, their origins, environmental behavior, and health risks: 

 
15

Abdulsalam, M., Elelu, S.A., Innocent, M.O., Livinus, M.U., Latifat, S.O. & Mohammed, A.S. (2024). Women 

empowerment in environmental conservation. In: Prospects for soil regeneration and its impact on environmental 

protection. Cham: Springer. P. 351–370. Doi:10.1007/978-3-031-53270-2_7. ISBN: 978-3-031-53270-2.  
16 Ramankutty, N., Mehrabi, Z., Waha, K., Jarvis, L., Kremen, C., Herrero, M., & Rieseberg, L. H. (2018). Trends in 

Global Agricultural Land Use: Implications for Environmental Health and Food Security. Annual Review Of Plant 

Biology, 69, 789–815. https://doi.org/10.1146/annurev-arplant-042817-040256  
17 Mumford, E. L., Martinez, D. J., Tyance-Hassell, K., Cook, A., Hansen, G. R., Labonté, R., Mazet, J. A. K., 

Mumford, E. C., Rizzo, D. M., Togami, E., Vreedzaam, A., & Parrish-Sprowl, J. (2023). Evolution and expansion of 

the One Health approach to promote sustainable and resilient health and well-being: A call to action. Frontiers in 

Public Health, 10, 1056459. https://doi.org/10.3389/fpubh.2022.1056459 
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Table 2. Major categories of land-based hazardous wastes, their sources, environmental fate, 

and health effects. 

Contaminant 

Type 

Key Examples Primary 

Sources 

Environmental 

Behavior 

Health Impacts 

Heavy Metals Lead (Pb), 

Cadmium (Cd), 

Mercury (Hg) 

Battery 

recycling, 

mining, 

pigments 

Binds to 

clay/humic 

particles; long-

term persistence 

Neurotoxicity, 

renal failure, 

carcinogenesis 

Hydrocarbons Benzene, PAHs, 

Toluene 

Oil spills, fuel 

leakage, and 

refineries 

Alters soil 

porosity; reduces 

water retention 

Immunotoxicity, 

reproductive 

disorders 

Persistent 

Organic 

Pollutants 

(POPs) 

Dioxins, PCBs E-waste 

burning, 

pesticides, 

and industrial 

lubricants 

Lipophilic; 

bioaccumulate in 

biota 

Endocrine 

disruption, 

developmental 

toxicity 

Radionuclides Cesium-137, 

Uranium-238 

Nuclear 

accidents, 

medical 

isotopes 

Alters soil pH and 

mineralogy 

Genetic 

mutations, 

hematological 

malignancies 

Biomedical 

Waste 

PPE, syringes, 

pharmaceuticals 

Hospitals, 

laboratories 

(especially 

post-COVID-

19) 

Infectious, 

chemically 

resistant 

Pathogen 

transmission, 

antimicrobial 

resistance 

3.2 Physicochemical and Biological Mechanisms of Soil Contamination 

Hazardous wastes deposited in land combine with soil in very complex, and sometimes 

incompletely understood, combinations. The resulting contamination is affected by many factors 

that determine the degree and period of its effects, such as the chemical composition of waste, the 

physical and chemical composition of the soil, the activity of microorganisms, and even weather 

conditions during disposal18. 

3.2.1 Heavy metals 

Heavy metals, among other common soil pollutants, have been greatly studied- mainly because 

they are very toxic and are chemically stable. Organic matter and clay particles in the soil are prone 

 

18 Meena, M. D., Yadav, R. K., Narjary, B., Yadav, G., Jat, H. S., Sheoran, P., Meena, M. K., Antil, R. S., Meena, B. 

L., Singh, H. V., Singh Meena, V., Rai, P. K., Ghosh, A., & Moharana, P. C. (2019). Municipal solid waste (MSW): 

Strategies to improve salt affected soil sustainability: A review. Waste management (New York, N.Y.), 84, 38–53. 

https://doi.org/10.1016/j.wasman.2018.11.020 
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to a strong binding with these metals. This does not make them less prone to leach into groundwater 

water, but it can be taken by the plants and microbes, which are pretty dangerous to the 

environment. As an illustration, cadmium has been found to disturb the natural nitrogen cycle by 

affecting the mutual beneficial association between legumes and Rhizobium bacteria and is able 

to affect the capacity of the soil to fix nitrogen biologically 19. In the same way, mercury and lead 

have been associated with destabilization of the important enzymatic functions that weaken soil 

respiration and nutrient recycling. 

3.2.2 Petroleum Derivatives and Hydrocarbons 

Polycyclic aromatic hydrocarbons (PAHs), a common group of petroleum-based contaminants, 

can drastically alter soil structure. These compounds are lipophilic, meaning they tend to bind with 

fats and oils, which makes the soil more water-repellent. As a result, water penetration is reduced, 

harming plant root development20. Additionally, these hydrocarbons can inhibit the growth of 

essential mycorrhizal fungi—organisms that play a critical role in helping plants absorb nutrients 

like phosphorus. The presence of these pollutants, therefore, not only changes the physical nature 

of the soil but also disrupts the biological relationships that keep it fertile and productive. 

3.2.3 Persistent Organic Pollutants (POPs) 

Chemicals such as polychlorinated biphenyls (PCBs) and dioxins are not easily degraded by 

photolysis, microorganisms, or chemicals. Such lipophilic compounds build up in fatty tissues and 

biomagnify through the trophic level. They are frequently found in the soil because of 

inappropriate electron waste disposal and pesticide contamination, and they are also associated 

with endocrine disruption and malformation of fetuses in mammals 21. 

3.2.4 Radionuclides 

Long-term radiological dangers are caused by radionuclides like uranium and cesium, which are 

usually put there through nuclear accidents or improperly disposed of medical waste. They may 

replace such vital elements of the plant absorption plan as potassium and calcium, which entails 

radiation-induced hereditary damage to plants and soil inhabitants 22. However, their decay over 

time alters the soil’s mineralogical profile and induces oxidative stress in microbial cells. 

 
19 Wu J.Y., & Yan S.D., 2024, Natural nitrogen boosters: the symbiotic relationship between legumes and rhizobia, 

Molecular Soil Biology, 15(2): 74-86. doi: 10.5376/msb.2024.15.0009.  
20 Shah, A. N., Tanveer, M., Shahzad, B., Yang, G., Fahad, S., Ali, S., Bukhari, M. A., Tung, S. A., Hafeez, A., & 

Souliyanonh, B. (2017). Soil compaction effects on soil health and crop productivity: an overview. Environmental 

Science and Pollution Research International, 24(11), 10056–10067. https://doi.org/10.1007/s11356-017-8421-y  
21 Ghosh, A., Manna, M.C., Jha, S., Singh, A.K., Misra, S., Srivastava, R.C., et al. (2022). Impact of soil-water 

contaminants on tropical agriculture, animal, and societal environment. Advances in Agronomy, 176:209–274.  
22 Abdelmotelb, K.F., Prasad, S.H., Lavale, S.A., Chichaghare, A.R. & Mehta, S. (2023). Radioisotopes and their 

impact on plants. In: Plants and Their Interaction to Environmental Pollution. Elsevier; 2023. P. 283–98. 
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3.2.5 Biomedical and Pharmaceutical Waste 

The COVID-19 pandemic led to an exponential increase in biomedical waste, especially single-

use plastics, antiviral drugs, and disinfectants. These materials often contain polymeric additives, 

microplastics, and residual pharmaceuticals that do not degrade easily. When dumped on land, 

they not only introduce infectious risks but also promote antibiotic resistance in soil microbiota 23. 

This has broad implications for public health, given the global rise in drug-resistant pathogens. 

3.3 Modeling Pollutant Mobility and Persistence 

Understanding the transport and retention of hazardous substances in soil can be approached 

through the following generalized contaminant transport equation: 

2

2
(2)

C C C
D v C

t x x


  
= − −

  
 

Where: 

• C = contaminant concentration (mg/L), 

• D = dispersion coefficient (cm²/day), 

• v = average pore water velocity (cm/day), 

• μ = degradation or sorption rate constant (day⁻¹), 

• x = spatial coordinate (cm), 

• t = time (days). 

This one-dimensional advection-dispersion-reaction equation captures how a contaminant spreads, 

moves with groundwater, and is attenuated via chemical reactions or microbial degradation. For 

heavy metals, the value of μ is often near zero, reflecting their persistence, whereas for 

biodegradable organics, μ may vary significantly with microbial abundance and soil redox 

conditions 24. Figure 1 shows how hazardous waste enters the soil through surface or subsurface 

deposition. Contaminants bind to particles, infiltrate to groundwater, or are taken up by vegetation. 

Biota and microbial processes are disrupted, leading to ecosystem imbalance. 

 

 

 
23 Zhu, Y. G., Zhao, Y., Zhu, D., Gillings, M., Penuelas, J., Ok, Y. S., Capon, A., & Banwart, S. (2019). Soil biota, 

antimicrobial resistance and planetary health. Environment International, 131, 105059. 

https://doi.org/10.1016/j.envint.2019.105059 | Book series 
24 Padhye, L. P., Srivastava, P., Jasemizad, T., Bolan, S., Hou, D., Shaheen, S. M., Rinklebe, J., O'Connor, D., 

Lamb, D., Wang, H., Siddique, K. H. M., & Bolan, N. (2023). Contaminant containment for sustainable remediation 

of persistent contaminants in soil and groundwater. Journal of Hazardous Materials, 455, 131575. 

https://doi.org/10.1016/j.jhazmat.2023.131575 
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3.4 Visualizing the Impact 

 

Figure 1: Conceptual model of hazardous waste interactions with soil systems 

 

4. Innovative Remediation Technologies: A Transformational Shift 

Contaminated land poses an escalating risk to environmental and human health, and while the 

urgency to address this issue has been acknowledged for decades, remediation approaches have 

traditionally relied on “dig-and-dump” methods. Excavation and offsite landfilling—while 

effective for immediate containment—are energy-intensive, prohibitively costly, and risk merely 

transferring contamination to another location without truly eliminating the hazard 25. 

In contrast, the scientific community is now embracing a paradigm shift toward sustainable, in situ 

remediation technologies—solutions that act within the contaminated site, reducing ecological 

disruption and long-term costs. These emerging tools integrate advancements in biotechnology, 

nanotechnology, electrochemistry, and materials science. What follows is an in-depth exploration 

of five such technologies that represent the frontier of land decontamination. 

4.1 Phytoremediation with Gene-edited Plants 

Phytoremediation uses the natural uptake, accumulation, or degradation capacity of plants to 

remove contaminants from soil. Hyperaccumulators such as Brassica juncea (Indian mustard) and 

Vetiveria zizanioides (vetiver grass) have demonstrated strong potential to sequester heavy metals 

 
25 Jain, H. (2024). From pollution to progress: Groundbreaking advances in clean technology unveiled. Innovation 

and Green Development;3(2):100143. 
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like cadmium, lead, and arsenic26. However, conventional phytoremediation is often slow and 

limited by biomass and root depth.  

After the emergence of CRISPR-Cas9 gene editing, scientists are able to engineer 

hyperaccumulators to make them have maximum exudation of roots, metal transporters, and 

degradation enzymes. To give an example, metal transporter encoding genes (especially AtHMA4 

and PCS1) are highly overexpressed in an effort to enhance cadmium uptake in Arabidopsis 

thaliana 27. Moreover, engineering of plant-specific bacterial symbionts into a bioengineered 

rhizosphere system produces greater specificity and toleration to pollutants of the plant-microbe 

system. 

 

Figure 2: CRISPR-enhanced phytoremediation system for heavy metal uptake 

4.2 Nano-enabled Soil Remediation 

Nanotechnology brings about a new set of materials that can interact with soil contaminants at a 

molecular level. As an example, nanoscale zero-valent iron (nZVI) presents an outstanding 

reactivity as a result of the large surface area and the ability to donate electrons. It has worked well 

with respect to the immobilization of arsenic, reduction of hexavalent chromium, as well as 

degradation of chlorinated solvents 28. 

The remediation mechanism can be expressed by the first-order degradation kinetics: 

(3)
dC

kC
dt

= −  

 
26 Otunola, B.O., Aghoghovia, M.P., Thwala, M. & Ololade, O.O. (20220. Heavy metal phytoremediation potential 

of Vetiver grass and Indian mustard: update on enhancements and research opportunities. Water Air Soil Pollution. 

2022;233(5):154.  
27 Nosek, M., Kaczmarczyk, A., Jędrzejczyk, R.J., Supel, P., Kaszycki, P., Miszalski, Z. (2020). Expression of genes 

involved in heavy metal trafficking in plants exposed to salinity stress and elevated Cd concentrations. 

Plants;9(4):475. 
28 Sun, X., Fang, J.M., Xu, R., Wang, M., Yang, H., Han, Z., et al. (2024). Nanoscale zero-valent iron immobilized 

inside olidification/stabilization. Journal of Environmental Chemical Engineering; 12(5):113846. 
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Where: 

• C is the contaminant concentration, 

• k is the rate constant (day⁻¹), 

• t is time. 

The high k value associated with nZVI reflects its rapid contaminant attenuation, especially under 

anaerobic conditions. Moreover, nanoparticles such as TiO₂ and ZnO exhibit photocatalytic 

properties, enabling degradation of persistent organic pollutants under UV exposure 29. However, 

caution must be exercised as the environmental fate and ecotoxicology of free nanoparticles remain 

under scrutiny. Innovations like bio-nano conjugates and encapsulated nanomaterials are being 

explored to mitigate off-target effects. 

4.3 Electrokinetic Remediation (EKR) 

Electrokinetic remediation is particularly effective in fine-grained soils (like clay), where 

traditional fluid-based extraction methods fail due to low permeability. EKR applies a low-voltage 

direct current across electrodes embedded in the soil, inducing the migration of charged 

contaminants through electroosmosis, electrophoresis, and electromigration 30. EKR systems can 

be enhanced using chelating agents (e.g., EDTA or citric acid), surfactants, or even microbial 

consortia, thereby enabling the removal of heavy metals, hydrocarbons, and radionuclides. The 

electrokinetic flux J is defined by: 

(4)eJ EC=  

Where: 

• 
e

  is electrophoretic mobility (cm²/V·s), 

• E is electric field strength (V/cm), 

• C is the contaminant concentration. 

 

 
29 Musa, I.O., Ijah, U.J.J., Abioye, O.P., Abdulsalam, M., Pal, S. K., Abamhekhelu, I.A., et al. (2024). 

Phytoremediation of Heavy Metal-Contaminated Soil. In: Eco-Restoration of Polluted Environment. CRC Press; 

2024. P. 35–52. 
30 Fanali, C., Della Posta, S., Gentili, A., Chankvetadze, B., & Fanali, S. (2023). Recent developments in 

electromigration techniques related to pharmaceutical and biomedical analysis - A review. Journal of 

Pharmaceutical and Biomedical Analysis, 235, 115647. https://doi.org/10.1016/j.jpba.2023.115647. 
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Figure 3: Conceptual diagram of electrokinetic remediation mechanism 

4.4 Microbial Consortia and Synthetic Biology 

Bioremediation has entered a new phase, powered by synthetic biology. Traditional single-strain 

bacterial treatments are now being replaced by engineered consortia that operate collaboratively 

under quorum-sensing frameworks to degrade complex mixtures of pollutants. Another example 

is that microbial consortia (Pseudomonas putida, Deinococcus radiodurans, and Rhodococcus 

erythropolis) are modified synthetically to not only degrade hydrocarbons but also heavy metals 

at the same time 31. These organisms can be made to respond to a given chemical signal by the 

addition of synthetic gene circuits, hence reducing off-target activity. What is more, degradation 

rates may be increased by bioaugmentation with CRISPR-edited strains without a significant 

impact on the native microbial diversity. The difficulty lies in the control of their release and their 

survival within natural environments, and the creation of self-limiting gene circuits and kill-switch 

technologies is underway. 

4.5 Geopolymerization 

Geopolymerization represents a sustainable route for the immobilization of hazardous waste within 

a stable, inert matrix. Derived from industrial by-products like fly ash, slag, and metakaolin, 

geopolymers are inorganic aluminosilicate polymers that form a three-dimensional lattice structure 

under alkaline activation. 

 

 

31 Qin R, Xu T, Jia X. (2022). Engineering Pseudomonas putida to produce rhamnolipid biosurfactants for promoting 

phenanthrene biodegradation by a two-species microbial consortium. Microbiology Spectrum; 10(4): e00910-22. 
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The chemical process follows the reaction: 

( )2 3 2 2
.2Al O SiO NaOH Na poly sialate H O+ → − +  

This reaction immobilizes contaminants by physically encapsulating them and chemically binding 

to metal ions. Studies have shown that geopolymers can reduce the leachability of lead, cadmium, 

and arsenic by more than 95% 32. 

5. Interdisciplinary Pathways for Sustainable Remediation 

The remediation of hazardous land-based waste is not merely a scientific or technological 

endeavor; it is a multifaceted societal challenge that spans ecology, engineering, data science, 

public policy, and ethics. While recent innovations in remediation have demonstrated promise, the 

complex and dynamic nature of contaminated landscapes requires more than isolated technical 

solutions. No single method, phytoremediation, nanotechnology, or electrochemical treatment—

can universally address the diverse array of contaminants or the sociopolitical contexts in which 

they exist 33. What is increasingly evident is that sustainable remediation depends on 

interdisciplinary integration: bringing together the precision of environmental monitoring, the 

power of computational modeling, the inclusivity of participatory research, and the legitimacy of 

policy co-design. This convergence of science, community, and governance offers a pathway to 

interventions that are not only effective, but also equitable and enduring. 
 

Table 3. Comparative summary of innovative remediation technologies. 

Technology Target Contaminants Key Advantage Key Limitation 

Gene-edited 

Phytoremediation 

Heavy metals, organics Low-cost, solar-

powered 

Slow rate; depth-

limited 

Nano-remediation Metals, solvents, and 

POPs 

High reactivity, fast 

kinetics 

Potential 

nanoparticle 

toxicity 

Electrokinetic 

Remediation 

Ions, metals, and 

hydrocarbons 

Works in low-

permeability soils 

Energy 

consumption 

Synthetic Microbial 

Consortia 

Hydrocarbons, heavy 

metals, and 

pharmaceuticals 

High specificity, 

multi-contaminant 

capacity 

Regulatory and 

ecological 

concerns 

Geopolymerization Inorganics (heavy 

metals, ash) 

Long-term 

immobilization, reuse 

of waste 

Not suitable for 

organic pollutants 

 

 
32 Pu, S., Shen, Z., Duan, W., Lang, L., Liu, Y., Xu, B., et al. (2021). Discussion on the applicability and mechanism 

of phosphate-based geopolymers used for cadmium and cadmium-lead heavy metals s engineers Eisenia fetida. 

Ecotoxicology and Environmental Safety; 227:112891. 
33 Phang, L. Y., Mingyuan, L., Mohammadi, M., Tee, C. S., Yuswan, M. H., Cheng, W. H., & Lai, K. S. (2024). 

Phytoremediation as a viable ecological and socioeconomic management strategy. Environmental Science and 

Pollution Research International, 31(38), 50126–50141. https://doi.org/10.1007/s11356-024-34585-z 
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5.1 Smart Sensor Networks for Real-time Monitoring 

Contamination in soil is often invisible, spatially heterogeneous, and temporally dynamic. 

Traditional laboratory-based sampling is time-consuming, spatially limited, and often fails to 

capture real-time fluctuations. The deployment of smart sensor networks—based on Internet of 

Things (IoT) architecture enables real-time, in situ monitoring of key soil parameters such as heavy 

metal concentration, redox potential, temperature, and pH 34. For instance, electrochemical sensors 

embedded with nanomaterials can detect trace levels of cadmium or arsenic at the parts-per-billion 

(ppb) scale, offering early warning capabilities for leaching events. Wireless sensor arrays can then 

relay this information through cloud-based platforms for spatial analysis and response.  

 

   Figure 4: Framework of smart sensor network integration for land contamination monitoring 

5.2 Machine Learning Models for Predictive Remediation 

Contaminant fate and transport in soil systems are governed by non-linear interactions involving 

hydrology, soil structure, microbial ecology, and chemical kinetics. Traditional models such as the 

advection-dispersion equation struggle to capture such complexity. Machine learning (ML) and 

artificial intelligence (AI) offer the capability to analyze high-dimensional data from sensor 

networks, historical contamination records, and soil property databases. Algorithms such as 

Random Forests, Long Short-Term Memory (LSTM) neural networks, and Gaussian Process 

Regression can now predict contaminant plumes, identify hotspots, and simulate the efficacy of 

different remediation strategies under varying environmental conditions 35. For example, a recent 

LSTM model trained on over 10 years of soil cadmium data from East China achieved a root mean 

 
34 Gao, J., Han, H., Gao, C., Wang, Y., Dong, B., & Xu, Z. (2023). Organic amendments for in situ immobilization 

of heavy metals in soil: A review. Chemosphere, 335, 139088. https://doi.org/10.1016/j.chemosphere.2023.139088 
 

35 Saheed, Y.K., Salau-Ibrahim, T.T., Abdulsalam, M., Adeniji, I.A. & Balogun, B.F. (2024) Modified bi-directional long 

short-term memory and hyperparameter tuning of supervised machine learning models for cardiovascular heart 

disease prediction in the mobile cloud environment. Biomed Signal Process Control. 2024;94:106319. 
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square error (RMSE) of 0.21 mg/kg, outperforming conventional models in forecasting pollutant 

migration 36. 

Mathematically, predictive ML models minimize the loss function: 

( ) ( )
2

1

1
ˆ ˆ, , (5)

n

i i

i

L y y y y
n =

=   

where: 

• 
i

y  = actual contaminant concentration, 

• ˆ
i

y  = predicted concentration, 

• n = number of samples. 

Such models support adaptive management by simulating outcomes before field interventions 

are launched. 

5.3 Policy–Technology Co-design 

For remediation to be implementable on a scale, it must be socially acceptable, politically feasible, 

and economically viable. Too often, technological interventions are introduced without engaging 

the communities they intend to serve, leading to mistrust, abandonment, or conflict. Policy–

technology co-design addresses this by involving multi-stakeholder actors—including scientists, 

policymakers, NGOs, and affected residents—from the earliest stages of research and development 
37. An example of successful co-design is seen in Brazil's contaminated urban peripheries, where 

city councils collaborated with environmental engineers and slum communities to develop low-

cost bioremediation systems using native plants and organic composting 38. These efforts improved 

soil quality while building public trust in science. 

5.4 Community-based Participatory Research (CBPR) 

Beyond co-design, community-based participatory research empowers residents to become co-
researchers in environmental assessment and remediation. CBPR initiatives have been particularly 
effective in Indigenous and historically marginalized communities, where legacies of exploitation and 
distrust of scientific institutions are prevalent. In New Mexico, for example, Navajo communities have 

partnered with university scientists to monitor uranium contamination from abandoned mines, using 

 
36 Zhao, W., Ma, J., Liu, Q., Dou, L., Qu, Y., Shi, H., Sun, Y., Chen, H., Tian, Y., & Wu, F. (2023). Accurate 

Prediction of Soil Heavy Metal Pollution Using an Improved Machine Learning Method: A Case Study in the Pearl 

River Delta, China. Environmental Science & Technology, 57(46), 17751–17761. 

https://doi.org/10.1021/acs.est.2c07561. 
37 Mugari E, Nethengwe NS, Gumbo AD. (2025). A co-design approach for stakeholder engagement and knowledge 

integration in flood risk management in Vhembe district, South Africa. Front Clim. 2025;7:1517837. 
38 Shrivastava NG. (2021). Bioremediation of solid waste management. In: Handbook of Solid Waste Management: 

Sustainability Through Circular Economy. 2021. P. 1–51. 
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locally collected samples and culturally adapted educational tools 39. This approach builds local 

capacity and ensures that remediation addresses not just chemical hazards, but cultural, spiritual, 

and historical dimensions of land. 
 

5.5 Integration is Not Optional 

The effectiveness of future remediation strategies will be measured not only by how well they 

remove pollutants but by how well they incorporate justice, resilience, and local knowledge. 

Figure 5 summarizes the interdisciplinary model required for holistic remediation. 

 

Figure 5: Interdisciplinary framework for sustainable hazardous waste remediation 
 

6. Future Directions and Policy Implications 

The twenty-first century’s environmental legacy will be defined, in part, by how we choose to 

confront the growing crisis of hazardous waste contamination. While recent advances in 

biotechnology, nanomaterials, and systems engineering have ushered in powerful tools for site 

remediation, technical innovations alone are insufficient to reverse decades of degradation or 

prevent future harm. A sustainable path forward demands a fundamental realignment of science, 

policy, and societal priorities. Hazardous waste is not just a byproduct of industrial processes; it is 

a systemic manifestation of unsustainable economic models, regulatory fragmentation, and 

environmental injustice. As such, the response must be equally systemic—bridging the divide 

between environmental science and socio-political reform. 
 

6.1 Enforcing the Cradle-to-Grave Principle 

A central policy priority is the enforcement of cradle-to-grave tracking—a regulatory framework 

that mandates accountability for hazardous materials from production through disposal. While 

instruments such as the Basel Convention have attempted to address transboundary movements of 

hazardous waste, national-level enforcement remains uneven and underfunded. 

In high-income countries, digitized waste tracking systems—using blockchain or geospatial 

monitoring—have demonstrated success in minimizing illegal dumping and enhancing 

 
39 Rock, T., & Ingram, J. C. (2020). Traditional Ecological Knowledge Policy Considerations for Abandoned 

Uranium Mines on Navajo Nation. Human Biology, 92(1), 19–26. https://doi.org/10.13110/humanbiology.92.1.01 
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compliance 40. In contrast, many low- and middle-income nations lack the institutional capacity to 

track hazardous materials beyond industrial gates. Investments in waste infrastructure, transparent 

registries, and international technical cooperation are urgently needed to close this governance 

gap. 
 

6.2 Public and Private Investment in Green Remediation R&D 

Governments must play a catalytic role by incentivizing research and development in low-carbon, 

low-impact remediation technologies. Green remediation not only emphasizes energy efficiency 

and reduced emissions during cleanup but also aligns with broader goals of the circular economy 

and land restoration. This can include subsidies for startup incubators focused on bioremediation, 

tax incentives for industries that adopt waste valorization techniques, and public-private 

partnerships to scale promising field technologies 41. Academic institutions should also be 

supported in establishing interdisciplinary remediation laboratories that merge environmental 

engineering, microbiology, and materials science. 
 

6.3 Scientific Gaps and Research Needs 

From a scientific standpoint, the remediation field must evolve to address persistent gaps that limit 

translatability and scalability. 
 

Field-scale Validation Over Lab Reliance 

Many remediation technologies perform well in controlled laboratory conditions but falter in 

heterogeneous, real-world settings. Variables such as fluctuating temperature, soil heterogeneity, 

and co-contaminant interference often reduce efficacy. There is a pressing need for large-scale 

field trials across different climatic zones and soil types, with independent monitoring and open-

access datasets 42. 
 

Co-contaminant Interactions 

Most contaminated sites are exposed to complex mixtures of pollutants, for example, metals 

coexisting with organic solvents or radionuclides. However, studies tend to focus on single-

contaminant systems, overlooking interactions that may alter mobility, toxicity, or degradability 
43. Future research should incorporate multi-factorial designs that mirror environmental realities, 

supported by mechanistic modeling of synergistic or antagonistic effects. 

 

Longitudinal Soil Microbiome Studies 

 
40 D’Amato A, Mazzanti M, Nicolli F, Zoli M. (2018). Illegal waste disposal: Enforcement actions and decentralized 

environmental policy. Socio-Economic Planning Sciences;64:56–65. 
41 Imarhiagbe, O., Nwodo, M.U., Ogwu, M.C. (2024). Innovations for Cleaner Futures: Emerging Technologies in 

Air Pollution Mitigation. In: Sustainable Strategies for Air Pollution Mitigation. 2024. P. 377–407. 
42 Vijay, V., Shreedhar, S., Adlak, K., Payyanad, S., Sreedharan, V., Gopi, G., Sophia van der Voort, T., Malarvizhi, 

P., Yi, S., Gebert, J. & Aravind, P. (2021) Review of Large-Scale Biochar Field-Trials for Soil Amendment and the 

Observed Influences on Crop Yield Variations. Frontiers in Energy Research, 9:710766. doi: 

10.3389/fenrg.2021.710766 
43 Innocent, M.O., Patrick, O.I., Job, O.S., Abdulsalam, M, Adams, M., Sikirula, A., et al. (2024). Introduction to 

Nanotoxicology. In: Environmental Nanotoxicology: Combatting the Minute Contaminants. Cham: Springer Nature 

Switzerland; 2024. P. 1–22. 
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Soil health is intricately tied to microbial diversity, yet the long-term recovery trajectories of 

microbial community’s post-remediation remain poorly understood. Emerging sequencing 

technologies, such as metagenomics and metabolomics, can provide insight into how microbial 

functions recover or shift after contamination events and cleanup efforts 44. Understanding these 

dynamics is vital not just for ecological restoration but also for evaluating unintended 

consequences of remediation interventions that may sterilize or restructure microbial networks 

critical for nutrient cycling and plant health. 
 

Standardized Lifecycle Assessments (LCA) 

The absence of a globally accepted system of analyzing the lifecycle of remediation technologies 

makes it challenging to evaluate and make a comparative analysis of their sustainability in a fair 

way. The existing lifecycle assessment (LCA) tools show a broad and varying range of scope and 

methodology, contributing to inconsistent energy consumption, carbon emission, and residual 

toxicity evaluation 45.  This could be achieved by setting up a uniform, peer-reviewed system of 

how LCAs in remediation should be conducted, which would help give policymakers a clearer 

way forward to prioritize their focus on technologies that fit within both the climate and population 

health agendas. 

6.4 Human and Institutional Dimension 

Technical solutions are not the only methods of effective remediation, but rather the involvement 

of the people and their trust and backing of the institutions. Policies should require active 

engagement of local communities in the process of reclaiming the hazardous land, exchange of 

information about risk and benefits in a transparent manner and protect the entitlements of 

disproportionately impacted groups. It is possible to use such frameworks as the U.S. EPA 2023 

Environmental Justice (EJ) Action Plan or the Green Deal roadmap of the European Union to 

define the way of equitable remediation. On the international scale, organizations such as UNEP, 

the World Health Organization, and the World Bank are well-placed to assist with the much-

needed financial and technical support that most nations require in curbing long-term pollution 

issues. 

7. Conclusion 

Soil is far more than a passive substrate; it is a living, breathing system—an ecological membrane 

that anchors biodiversity, sustains food production, and regulates global biogeochemical cycles. 

Yet, as industrial expansion accelerates and consumption intensifies, land has increasingly become 

a silent repository for hazardous waste: a burden it was never designed to bear. This study has 

highlighted how hazardous land-based waste—from heavy metals and persistent organic pollutants 

to biomedical residues and radionuclides—poses complex threats not only to soil health but to 

broader human and planetary systems. These contaminants do not operate in isolation; they ripple 

outward through food webs, water cycles, and social structures, often disproportionately harming 

 
44 Nam, N.N/, Do, H.D.K., Loan, Trinh, K.T.& Lee, N.Y. (2023). Metagenomics: An effective approach for 

exploring microbial diversity and functions. Foods; 12(11):2140.  
45 Mirabella, N., Allacker, K. & Sala, S. (2019). Current trends and limitations of life cycle assessment applied to the 

urban scale: critical analysis and review of selected literature. The International Journal of Life Cycle Assessment; 

24:1174–93. 
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the most vulnerable communities. The resulting landscape is not only chemically compromised 

but ethically troubling. 

As humanity navigates the precarious terrain of the Anthropocene—marked by climate instability, 

biodiversity loss, and resource scarcity, the urgency of confronting hazardous waste takes on a 

new dimension. It is no longer sufficient to treat contamination as a technical or regulatory issue 

alone. Rather, how we choose to address land-based hazardous waste will serve as a defining 

measure of our scientific maturity, societal priorities, and ethical commitments. The innovative 

remediation technologies published in this study, such as gene-edited phytoremediation, nano-

enabled catalysis, electrokinetic treatments, and synthetic biology, provide a radical set of 

solutions. But what is holding promise is integration. The future does not only require innovation, 

but also convergence: convergence of disciplines, institutions, and communities. Such 

convergence is the only way in which extractive land use can be transformed into regenerative. 

In addition to this, remediation should also be redefined as a three-dimensional, inclusive process, 

where the focus shifts more towards justice than readiness and efficiency, and where the cultural, 

historical, and spiritual aspects of land must be honored. It has to focus not only on chemical clean-

up but ecological recovery and social renewal. Cleaning up of hazardous waste sites is 

consequently not simply an issue of environmental management; it is an ethical concern, an 

examination of our willingness to remedy the environmental damage that we have caused and to 

leave the earth in a better condition for our posterity. In reclaiming contaminated soils, we also 

reclaim a deeper human responsibility: to steward the Earth with care, humility, and foresight. The 

decisions we make today regarding hazardous waste will echo for centuries in the fertility of our 

soils, the safety of our food, and the health of our children. It is within our collective power—and 

indeed our obligation—to ensure that the land remains a source of life, not a legacy of harm. 


