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Abstract

Soil contamination represents a pervasive and multifaceted threat to environmental in-
tegrity, public health, and sustainable land use. In response to this challenge, this systematic
review synthesizes recent advancements in sustainable soil remediation techniques, with an
emphasis on bioremediation, nature-based solutions (NBSs), innovative physicochemical
methods, and multidimensional assessment frameworks. Utilizing the adapted PRISMA
methodology, 3222 peer-reviewed articles published between 2015 and 2025 were ini-
tially identified, with 53 studies selected for in-depth evaluation based on methodological
rigor, innovation, and relevance to sustainability. The findings reveal a pronounced re-
search trajectory toward biologically mediated remediation strategies, including microbial
bioremediation, phytoremediation, and vermiremediation, as well as hybrid systems that
incorporate biochar and nano-enabled materials to enhance efficacy. Concurrently, emerg-
ing physicochemical techniques, such as stepped steam heating and composite stabilization
using fly ash demonstrate potential for high-efficiency contaminant immobilization with
reduced environmental trade-offs. The integration of computational tools, particularly
machine learning for remediation optimization, and the application of life cycle assessment
(LCA) and Multi-Criteria Decision Analysis (MCDA), are redefining how sustainability
is quantified and operationalized. In addition to technical innovation, the review under-
scores critical policy and socio-economic dimensions, including regulatory fragmentation,
funding asymmetries, and stakeholder engagement. Comparative analyses of EU and US
regulatory frameworks highlight the impact of governance structures on implementation
scalability and public acceptance. The review concludes by advocating for a paradigm shift
toward holistic, transdisciplinary remediation approaches that are ecologically resilient,
economically viable, and socially just aligned with the Sustainable Development Goals
(SDG 15.3) and the Paris Agreement. This review provides a comprehensive and integra-
tive perspective on the current state and future directions of sustainable soil remediation,
offering a strategic foundation for researchers, policymakers, and practitioners engaged in
the restoration of contaminated lands.

Keywords: sustainable remediation; contaminated soils; remediation techniques;
multidimensional; soil remediation

1. Introduction
Soil remediation refers to the processes used to remove, reduce, or neutralize con-

taminants in soil to restore its health and functionality. With increasing industrialization,
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agricultural activities, and urbanization, soil pollution has become a critical environmental
challenge, threatening ecosystems, food security, and human health [1]. Effective soil
remediation is essential for environmental protection, sustainable land use, and compliance
with global sustainability goals such as the United Nations’ Sustainable Development Goals
(SDGs) [2].

To provide an up-to-date and structured overview of this fast-evolving field, the
present work was conducted as a systematic review, following an adapted PRISMA method-
ology (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) and a set of
predefined identification, screening, eligibility, and inclusion criteria, which are detailed in
Section 2.

Various remediation technologies have been developed to address different types
of soil contaminants, including heavy metals, petroleum hydrocarbons, pesticides, and
industrial chemicals. These methods can be broadly classified into physical, chemical,
and biological approaches, each with distinct advantages and limitations [3,4]. Addition-
ally, remediation strategies can be categorized as in situ (on-site treatment) or ex situ
(off-site treatment), with in situ methods generally being more cost-effective and less
disruptive [4,5].

It should be noted that, as also reflected in the composition of the studies analyzed in
this review (Section 3.2), the published literature on soil remediation is markedly weighted
toward heavy-metal contamination, relative to organic pollutants and other contaminant
classes; this imbalance is discussed further as a limitation.

Recent trends emphasize green and sustainable remediation, which prioritizes eco-
friendly techniques that restore soil quality while minimizing secondary environmental
impacts [6,7]. Among these, bioremediation, phytoremediation, and nature-based solutions
(NBSs) have gained attention for their ability to enhance ecosystem services while degrad-
ing pollutants [2,8]. Furthermore, innovative approaches such as biochar application and
soil engineering in vivo demonstrate the potential for multidisciplinary solutions to soil
contamination [9,10].

The scale of the problem is substantial: soil contamination has been documented across
industrialized, agricultural, and urban regions worldwide, with heavy metals, petroleum
hydrocarbons, and industrial chemicals identified among the most prevalent pollutant
classes, and with impacts that extend to food security, ecosystem services, and human
health [11]. The geographical distribution and severity of contamination vary considerably
by region, reflecting differences in industrial history, mining activity, agricultural intensity,
and regulatory oversight, underscoring the need for internationally comparable, context-
sensitive remediation strategies.

Figure 1 illustrates the global distribution of regions with documented soil contamina-
tion, highlighting broad patterns associated with mining and smelting, industrial and urban
activities, and agricultural intensification. These patterns underscore the need for remedia-
tion strategies tailored to site-specific contamination and regional regulatory contexts.

This paper explores key soil remediation technologies, focusing on their mechanisms,
applications, and sustainability. The following sections discuss bioremediation techniques,
sustainable soil management, nature-based solutions, soil engineering, and biochar appli-
cations in detail.

Historically, the development of these approaches has followed a discernible trajec-
tory, closely linked to the evolving regulatory and social response to industrial pollution.
Early remediation practice relied primarily on physicochemical treatments, such as soil
washing and thermal desorption, reflecting an initial, engineering-driven response to point-
source contamination. From the 2000s onward, biologically mediated techniques, including
microbial bioremediation [8] and phytoremediation [12], gained traction as lower-cost,
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less disruptive alternatives, paralleling the emergence of soil engineering approaches that
integrate microbiology and geotechnical science [9]. Over the past decade, growing soci-
etal and policy commitment to climate and biodiversity goals has driven a shift toward
nature-based solutions [2], sustainable soil management practices [1], and biochar-based
amendments [10], while the 2020s have seen the further integration of green and sustain-
able remediation frameworks [6,7], mirroring the broader socio-political emphasis on the
Sustainable Development Goals and international climate policy. The following subsections
examine these approaches in turn.

Figure 1. Global distribution of documented soil contamination evidence, compiled from national
inventories, reported contaminated sites, and the case-study literature summarized in the FAO and
UNEP Global Assessment of Soil Pollution. Adapted from FAO and UNEP [11].

Bioremediation is a cost-effective and environmentally friendly approach that utilizes
microorganisms, plants, and fungi to degrade or immobilize soil contaminants [13]. It is
particularly effective for organic pollutants such as petroleum hydrocarbons, pesticides, and
chlorinated solvents. This is particularly relevant for petroleum-hydrocarbon-contaminated
soils, where composting-based approaches have been shown to enhance both microbial
activity and contaminant degradation [14], and for pesticide-contaminated sites, where
technology selection must additionally account for treatment cost and the formation of
transformation products [15].

Microorganisms, including bacteria and fungi, break down contaminants through
metabolic processes such as aerobic and anaerobic degradation [8]. Key factors influencing
microbial bioremediation include: bioavailability of pollutants (enhanced by surfactants or
chemotaxis); nutrient availability (often requiring nitrogen and phosphorus supplementa-
tion); and environmental conditions (pH, temperature, moisture).

Phytoremediation uses plants to extract, stabilize, or degrade contaminants. Different
mechanisms include: phytoextraction (uptake and accumulation of metals); phytostabiliza-
tion (reducing contaminant mobility); and rhizodegradation (microbial degradation in the
root zone).

Hyperaccumulator plants, such as Brassica juncea (Indian mustard) for heavy metals,
are particularly effective [12].

Despite its advantages, bioremediation faces limitations, such as slow degradation
rates and limited applicability to high concentration pollutants. Strategies to improve
efficiency include: bioaugmentation (introducing specialized microbial strains); genetic
engineering of microbes for enhanced degradation; and combined treatments (e.g., elec-
trokinetics with bioremediation) [16].
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Sustainable soil management is critical for maintaining soil fertility, biodiversity, and
carbon sequestration [1]. Key practices include: organic farming (reducing chemical inputs);
cover cropping and crop rotation (preventing erosion); and agroforestry (enhancing soil
structure and carbon storage).

NBSs leverage natural processes to restore degraded soils while providing additional
ecosystem benefits [2]. Examples include: constructed wetlands for filtering contaminants;
permeable reactive barriers using natural minerals; and afforestation and reforestation to
stabilize contaminated sites.

As for innovative approaches, the literature indicates soil engineering and biochar
integrating microbiology, geochemistry, and civil engineering to rehabilitate soils while
addressing multiple environmental challenges [9]. Applications include: microbially in-
duced calcite precipitation (MICP) for soil stabilization; biocementation to immobilize
heavy metals; and carbon sequestration through microbial activity.

Biochar, a carbon-rich material produced from biomass pyrolysis, improves soil proper-
ties by: enhancing nutrient retention; immobilizing heavy metals; and promoting microbial
activity [10]. Beyond metal immobilization, organic amendments such as biochar and com-
post have also been applied to mitigate petroleum-hydrocarbon contamination, although
their net effect can range from contaminant immobilization to unintended remobilization
depending on soil and amendment characteristics [17].

Soil remediation is essential for mitigating pollution and ensuring sustainable land use.
While traditional methods (e.g., soil washing, landfilling) remain relevant, bioremediation,
nature-based solutions, and innovative technologies (biochar, soil engineering) offer sustain-
able alternatives. Future research should focus on scaling up green remediation techniques
and integrating them into policy frameworks [11]. By adopting holistic and multidisci-
plinary approaches, we can achieve long-term soil health and environmental sustainability.

2. Materials and Methods
The systematic review was conducted following the adapted PRISMA methodol-

ogy (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) to ensure a
structured and transparent research process. The methodology was divided into four key
phases, identification, screening, eligibility, and inclusion, with the aim of synthesizing
the relevant scientific literature on sustainable remediation of contaminated soils through
multidimensional approaches.

The search strategy was designed to capture peer-reviewed publications from Jan-
uary 2015 to January 2025, ensuring a comprehensive and up-to-date coverage of the
research landscape.

Consistent eligibility criteria were applied across all databases to ensure homogeneity
in the initial screening. The search was restricted to English language documents and
to peer-reviewed journal articles, including original research articles, review papers, and
book chapters.

To ensure the relevance and quality of the selected studies, the keywords in Table 1
and the combination of keywords in Table 2 were used. The keyword set was deliberately
kept narrow and thematically focused (Table 1) to preserve precision and minimize the
retrieval of tangential literature; broader or more technique-specific terms were intentionally
excluded at the search stage, as they will be captured downstream through the topical
classification presented in Table 4 and Figure 6. This trade-off between search sensitivity
and specificity is acknowledged as a methodological choice rather than an oversight, and is
further discussed as a limitation.
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Table 1. Keywords used in the database searches.

A Sustainable remediation
B Contaminated soils
C Remediation Techniques
D Multidimensional
E Soil remediation

Table 2. Keyword combinations in the database searches using the Boolean operator “and”.

Combinations

A B
A C
A D
A E
A B C
A B C D

A total of 3222 papers was collected by comprehensive database searches over SCO-
PUS, Web of Science, and ScienceOpen. In addition, 5 papers were manually found from
other sources like reference lists and expert recommendations.

All the papers were checked, and 2815 articles were eliminated using the predefined
exclusion criteria. The reasons for the eliminations were: Date: A total of 481 articles were
published outside the defined timeframe from January 2015 to January 2025; Document
Type: 175 papers were excluded due to being non-peer-reviewed formats (e.g., editorials,
conference abstracts); Source Type: A total of 2130 entries were excluded for being from
irrelevant or low-impact sources; Language: A total of 26 non-English articles were ex-
cluded; Other: A total of 3 articles were excluded for various anomalies (e.g., duplicates not
flagged by software); Off-topic: No articles were excluded for being thematically irrelevant
at this stage.

After the said elimination, 407 papers remained for further assessment.
In the first screening stage, the full texts of 412 articles were assessed for eligibil-

ity. This total comprised 407 articles retrieved through the systematic database search
conducted between January 2015 and January 2025, together with five additional articles
identified through parallel searching and recommendations from experts and supervisors.
Although these five articles were published outside the predefined timeframe, they were
retained because they provided relevant evidence for the review and were subsequently
included among the 53 studies selected for the qualitative synthesis. Following the second,
semi-automatic screening, 359 articles remained. The main reasons for exclusion at this
stage were that the studies focused primarily on agriculture rather than soil remediation or
did not address sustainability from a multidimensional perspective, concentrating instead
on a single dimension of the problem. Of the 359 articles retained after semi-automatic
screening, the final 53 studies were selected for in-depth, qualitative synthesis based on
three complementary eligibility criteria: (i) methodological rigor, i.e., a clearly described
experimental or analytical design; (ii) technical or conceptual innovation relative to es-
tablished remediation practice; and (iii) explicit relevance to sustainability, defined as
addressing environmental, economic, and/or social dimensions of remediation rather than
a single-dimension technical outcome. Studies that satisfied the topical scope but did not
meet these three criteria jointly were retained for contextual background but excluded from
the in-depth synthesis reported in Section 3.

After all those checks, 53 studies turned out to be the only ones that meet the criteria
and were therefore taken to feed into the qualitative synthesis part. The sources were thus

https://doi.org/10.3390/su18178916

https://doi.org/10.3390/su18178916


Sustainability 2026, 18, 8916 6 of 22

classified as primary sources, and they were on such topics as sustainable soil remediation
techniques, a variety of assessment frameworks, and policy contexts.

The documents were thus grouped under the primary source category, and the topics
they were about were sustainable methods of soil remediation, a range of assessment
frameworks, and policy contexts.

The adapted PRISMA Flow Diagram derived from the research is presented
on Figure 2. The PRISMA 2020 checklist is available in Supplementary File S1. This review
was conducted without prospective registration or a publicly available protocol.

Figure 2. Adapted PRISMA Flow Diagram.

3. Results and Discussion
3.1. Analysis of the Review and Selection of Studies

The findings reveal a strong research focus on biological and physicochemical remedi-
ation techniques, particularly phytoremediation, bioremediation, and hybrid approaches.
Emerging trends highlight the integration of nanotechnology, computational modeling,
and circular economy principles to enhance remediation efficiency while minimizing en-
vironmental trade-offs. These 53 documents turned out to be the only ones that meet the
criteria and were therefore taken to feed into systematic review. The documents were thus
classified as primary sources, and they were on topics such as sustainable soil remediation
techniques, a variety of assessment frameworks, and policy contexts.

Figure 3 indicates an increasing trend in the quantity of articles concerning sustainable
soil remediation from the early 2020s to the end of the studied time period. Moreover, the
growth after 2020 denotes the increased interest of the scholarly and policy communities
which probably results from a raised level of environmental awareness and the compliance
of the directions of the global sustainable development agenda. It should be noted that no
article from 2025 appears in Figure 3, as the database search was conducted only through
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January 2025 and therefore captures only a partial, early snapshot of that year’s output
rather than its full annual publication volume; consequently, 2025 was excluded from the
year-on-year trend comparison to avoid an artificial apparent decline.

Figure 3. Number of documents per year among the 53 studies selected for the systematic review
(2015–2025).

Figure 4 presents the key contributing authors to the retrieved group of papers. Specif-
ically, two authors, Ok, Y.S. and Tsang, D.C.W., who were responsible for five documents
each, come out on top, thereby evincing the pivotal function of these scientists in the area
of multidisciplinary soil remediation. A few authors form a powerful set of collabora-
tors who work together in the three fields of sustainability science, geochemistry, and
environmental engineering.

Figure 4. Document count for authors responsible for 3 or more studies among the 53 selected papers.

Figure 5 illustrates the distribution of the most common funding sources taken from
the analyzed studies. The National Key Research and Development Program and the
National Natural Science Foundation of China are the leading sources seen here. The
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European Commission and European Regional Development Fund (ERDF) though the
European Union’s structural and investment funds, also have a significant contribution in
research that is driving innovation in soil restoration.

Figure 5. Document count by up to 10 funding sponsors among the 53 selected studies [1,18–34].

Table 3 reviews 53 peer-reviewed articles that were published from the year 2015 to
2025 (including the manually added articles outside the designated timeframe), and these
papers show a fast-growing area of concern—that of soil sustainability. It is observable that
the majority of the sources are really brand new since many of the studies (over 50%) were
from the last 5 years (2020 to 2024), thus establishing the topic as one of the priority research
themes. Importantly, the publishing outlets where the papers were released are quite varied,
embracing both traditional environmental journals and other disciplines. Journals such as
the Journal of Hazardous Materials, Environmental Pollution, Science of the Total Environment,
and Journal of Environmental Management are just some examples of the main disseminators
and they demonstrate the sustainable remediation issue in light of multiple aspects from
environmental chemistry to engineering, soil science, and sustainability studies. Together,
the bibliographical features chosen in the literature not only confirm the broad conducting
of the review systematically but also show the direction of the field towards the research
of the transdisciplinary, innovation-driven, and policy-relevant type. The scope of this
area is based on a large number of secure data that is the subject for critical synthesis;
at the same time, it is necessary to have ecologically approachable restoration principles
for meeting global sustainability goals in the future. Examples include SDG 15.3 and the
Paris Agreement.

Table 3. Selected studies for systematic review.

Ref. Contaminant/Study
Focus Country Soil Type Main Results Year

[35] Arsenic Australia Mining-impacted soil Hydrochar/Fe-encapsulated materials
immobilized As 2023

[24] Arsenic China (Hong Kong) As-containing soil Blast slag/cement blends achieved sustainable
As stabilization 2021

[36] Arsenic Italy Industrial soil Cannabis/Brassica juncea showed limited
phytoremediation potential for As 2022
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Table 3. Cont.

Ref. Contaminant/Study
Focus Country Soil Type Main Results Year

[21] As, Cd, Pb, Zn South Korea Multi-contaminated
soil

Different biochars showed contaminant-specific
(im)mobilization mechanisms 2021

[37] As, Hg, PAHs Spain Industrial soil Fe-nanoparticle carbon foams remediated
co-contaminated soils 2024

[20] As, metals Slovenia Multi-metal soil Pilot-scale simultaneous removal of As and
toxic metals 2022

[38] As, Zn, Pb Brazil Smelting-impacted
soil

Biochar-nZVI immobilized multiple metals from
smelting activity 2022

[39] Cadmium China Cd-contaminated soil Vermicomposting reduced Cd toxicity, improved
microbial community 2024

[40] Cadmium China Cd-contaminated soil Spermidine/activated carbon boosted Salix integra
phytoextraction 2022

[41] Cadmium Czech Republic Heavily
contaminated soil

Biochar enhanced Salix smithiana
phytoextraction potential 2022

[42] Cd, Cu China Polluted soil Bacteria-inoculated biochar enhanced Cd/Cu
immobilization and enzyme activity 2020

[43] Chromium China/Japan Cr-amended soil Elevated temperature altered Cr mobility
and speciation 2024

[18] Chromium
(Cr VI) China Sludge-amended soil Sludge char/soil mineral co-aging enhanced

Cr(VI) reduction 2024

[44] Chromium
(Cr VI) China Cr(VI)-contaminated

soil
Biochar-supported nZVI improved washing

efficiency and agent recovery 2024

[45] Chromium
(Cr VI) China Cr(VI)-contaminated

soil
AC electrochemical washing achieved sustainable

Cr(VI) removal 2022

[46] Chromium
(Cr VI) China Seasonally frozen soil Aging enhanced Cr(VI) reduction/immobilization

in cold regions 2021

[47] General
(decision tool) Brazil Contaminated soil

(general)
Proposed MCDA-based sustainability weighting

tool for remediation choice 2024

[32] General
(framework) Taiwan Contaminated soil

(case study)
Developed GSR evaluation framework, standards,

and toolkit 2016

[48] General
(monitoring) South Korea Contaminated soil Soil enzymes proposed as sustainable monitoring

indicators 2020

[1] General (review) Australia
General

(interdisciplinary
review)

Proposed interdisciplinary framework for
sustainable soil use/management 2020

[2] General (review) Netherlands Degraded land
(review)

Demonstrated superior ecosystem service benefits
of NBS in land management 2018

[9] General (review) USA/UK General (soil
engineering review)

Reviewed biogeochemical soil engineering for
multifunctional solutions 2011

[49] General
(thermal) China Contaminated soil LCA-based decision-making for regional thermal

remediation 2023

[50] Heavy metals China Wastewater/soil Novel AC electrochemistry decontaminated
metals sustainably 2023

[51] Heavy metals Malaysia Polluted soil Selected bacteria species enabled biotechnical
heavy metal remediation 2017

[52] Hg, As Spain Brownfield soil Characterized microbiome of Hg/As-polluted
brownfield 2023

[53] Lead India/USA Pb-contaminated soil Moringa seed cake biochar acted as novel
Pb-binding amendment 2023

[54] Lead Lebanon Pb-contaminated soil Opuntia ficus-indica extracts removed Pb; harvest
phase mattered 2023

[55] Lead USA Urban soil Ash-based blends reduced Pb bioaccessibility,
protected public health 2024

[30] Mercury China Hg-contaminated soil Sulfur-modified rice husk biochar offered green
Hg remediation 2018

https://doi.org/10.3390/su18178916

https://doi.org/10.3390/su18178916


Sustainability 2026, 18, 8916 10 of 22

Table 3. Cont.

Ref. Contaminant/Study
Focus Country Soil Type Main Results Year

[33] Mercury China Hg-contaminated soil Citric acid facilitated more efficient thermal Hg
treatment 2015

[56] Mercury China Hg-contaminated soil FeCl3 enabled Hg removal at reduced treatment
temperature 2014

[57] Mercury Spain Hg-contaminated soil Thermal desorption achieved sustainable Hg
remediation 2016

[58] Metals (general) China Wetland soil Lignin-based poly(acrylic acid) reduced heavy
metal mobility 2019

[29] Metals (general) China (Hong Kong) Metal/chelant-
contaminated soil

Food waste compost interacted favorably with
metal-chelant complexes 2018

[31] Metals (general) China (Hong Kong) Contaminated
soil/sediment

Assessed sustainability likelihood across
remediation options 2017

[19] Metals (general) China/Canada Biochar-amended soil Biochar type/aging method affected long-term
metal immobilization 2022

[59] Metals (general) Greece Mining-impacted soil Diasporic bauxite showed potential for sustainable
remediation 2017

[60] Metals (general) India Metal-contaminated
soil

Reviewed electrokinetic remediation roadmap and
sustainability gaps 2024

[22] Metals (general) Slovenia Garden/urban soil EDTA-washed soil in gardens reduced toxicity
hazards 2021

[26] Metals (general) Slovenia Metal-contaminated
soil

Biodegradable chelants matched EDTA efficiency
with lower impact 2020

[28] Metals (general) Slovenia EDTA-washed soil Multi-substrate respiration/enzyme activity
assessed post-washing recovery 2018

[61] Multi-metal China Agricultural soil Fly ash + intercropping immobilized metals,
restored soil fertility 2024

[62] nZVI (general) Brazil Contaminated
soil/groundwater

Reviewed sustainability trade-offs of nZVI;
flagged persistence/bioaccumulation risks 2024

[8]
Organic

pollutants
(general)

India General (review) Framework for assessing ecological sustainability
of in situ bioremediation 2009

[63] PAHs Austria PAH-contaminated
soil

Compost/biochar altered microbial communities
and PAH sorption/degradation 2018

[64] PAHs Iran PAH-contaminated
soil

Green solvent + RSM optimized continuous-flow
remediation 2024

[25] Pb, As China Contaminated soil Red mud-enhanced cement remediated Pb and As
jointly 2020

[23] Pb, Zn, Cd China Contaminated soil Red mud-derived binders achieved sustainable
stabilization/solidification 2021

[65] PCBs Portugal/Denmark PCB-contaminated
soil

Electroremediation + Fe nanoparticles; efficacy
varied by soil type 2015

[66] PCBs Portugal/Denmark PCB-contaminated
soil

Fe nanoparticles + electric current treated PCB
suspension 2015

[67] Salts/heavy
metals China Saline soil Solar evaporator enabled combined salt separation

and metal remediation 2024

[27] Zinc China Zn-contaminated soil Rice straw biochar + Al2O3 improved Zn
immobilization 2019

Table 3 summarizes the 53 selected studies by contaminant focus, geographic origin,
soil type, and principal findings, rather than by bibliographic details alone, to allow direct
comparison of technique performance across contexts. Full bibliographic information for
each reference is provided in the Reference list.

Figure 6 identifies the distribution of remediation techniques in the 53 research articles
that are part of the systematic review. The data indicates that there is a great focus on
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bioremediation (n = 14) and phytoremediation (n = 10), which are in line with the continu-
ously growing scientific and practical interest in natural-based and biologically mediated
solutions. Physicochemical methods (n = 9) and biochar applications (n = 7) also account
for the majority of current studies and are usually directed at improved contaminant im-
mobilization and soil health restoration. Although slightly smaller, the number of studies
that looked into hybrid approaches (n = 6), electrokinetic remediation (n = 4), and soil
engineering (n = 3) strategies are still worth noticing as they show a shift toward unified
and interdisciplinary ways.

Figure 6. Number of articles by remediation techniques, among the 53 selected documents.

Figure 7 illustrates the temporal evolution in the number of remediation techniques
cited per article, highlighting trends in methodological diversification over the years. The
use of bioremediation (n = 14) and phytoremediation (n = 10) has been consistent since 2016.
These methods become the major sustainable remediation methods, and this is mainly
because of their eco-friendly characteristics and inherent ability to be a part of nature-based
solutions. The share of physicochemical methods (n = 9) seems to stay stable; however, their
predominance in the most recent years is slightly overshadowed, which could be associated
with a transition to less invasive and more renewing alternatives. They are biochar-based
interventions and hybrid models that have seen growing user adoption, especially the
time after 2020, showing a tendency of synergistic soil amendments in the wake of the
stronger circular economy principle and in line with multifunctionality. Electrokinetic and
soil engineering are two such technologies, which although are used less frequently, have a
certain tendency of being used in special cases to unlock unused resources.

Adding to the above temporal aspects, Figure 8 divides the 53 articles by sustainable
development dimensions discussed. The environmental dimension is the only one that
has been positively addressed in all 53 articles. Only 16 articles give a complete triple
bottom line view; in other words, they consider a wider triple bottom line of environmental,
economic, and social concerns. The majority of the papers (n = 21) are still eco-centric;
hence, the lack of holistic evaluation frameworks is an ongoing issue. Furthermore, few
papers (n = 6) include social aspects, such as the involvement of stakeholders, or public
acceptance, which is a flaw in the dissemination aspect. Again, those rigid analyses suggest
that the models of the future should be more multidimensional and context aware.
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Figure 7. Evolution in the number of remediation techniques cited per article among the 53
selected studies.

Figure 8. Sustainability dimensions addressed in the 53 reviewed articles.

Table 4 presents the type of remediation and contaminant treated in the 53 articles.
Contamination by Cadmium (Cd), lead (Pb), and arsenic (As) turned out to be an emerging
issue among the studies, receiving frequent attention revealing the inconveniences that
these elements bring and how they still linger in the regions that industries have negatively
impacted. Metal products of bioremediation, phytoremediation, and biochar-based ap-
proaches were noticeable for the problems that appeared to define the emerging issues of
low-impact environmental management following the general orientation towards low-
impact eco-friendly interventions. In one example, biochar showed high psi values and
at the same time operated in almost all areas of contaminants due to the gas adsorption
capability, the enhancement of microbial activity, and the soil amendment properties. By
contrast, it was observed that thermal desorption was kept primarily for mercury (Hg) and
arsenic which are contaminants whose intrinsic chemical property requires high tempera-
ture volatization for effective remediation (extracting and concentrating mercury or arsenic
with a hot gas or airflow).
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Table 4. Type of remediation and contaminant treated.

Contaminant(s) Type of Remediation Number of Articles Example Techniques/Notes

Cadmium (Cd)
Bioremediation,
Phytoremediation, Biochar,
Electroremediation

11 Salix integra, vermicomposting,
biochar enhancement

Lead (Pb) Phytoremediation, Stabilization,
Electroremediation, Biochar 10 Red mud binders, EDTA washing,

Moringa seed biochar

Arsenic (As) Biochar, Soil Washing, Thermal
Desorption, Bioremediation 9 Fe nanoparticles, thermal with

FeCl3, plant extraction

Chromium (Cr(VI)) Soil Washing, Biochar,
Electrochemical, Hybrid Methods 8

Nano-zero-valent iron, stepped
heating, electrochemical
treatments

Zinc (Zn) Biochar, Stabilization,
Phytoremediation 6 Zn immobilization with Al2O3,

biochar-rice straw

Mercury (Hg) Thermal Desorption, Biochar,
Green Amendments 5 Citric acid thermal treatment,

sulfur-modified biochar

Multi-metal (e.g., Cd, Pb, Zn,
As)

Hybrid Approaches, Biochar,
Phytoremediation 9 Fly ash + intercropping, red mud

binders

PAHs (Polycyclic Aromatic
Hydrocarbons)

Soil Washing, Biochar,
Electroremediation 4 Green solvents, iron nanoparticles

with electric current

PCBs (Polychlorinated
Biphenyls)

Electroremediation with
Nanoparticles 2 Electroremediation + Fe NPs

General Heavy Metals
(non-specific)

Bioremediation, Biochar, Soil
Engineering 10 Compost interactions, bacteria

inoculated biochar

Organic contaminants
(general)

Bioremediation, Soil Engineering,
NBS 3 Microbial respiration,

compost-based treatments

Salts/Salinity/Soil
Degradation

Phytoremediation, Soil
Amendment, Solar Interface 2 Artificial phytoremediation

evaporator

Additionally, the review also discusses the shifting of the focus of hybrid and electro-
chemical approaches from only multi-metal or complex pollution scenarios to processes
such as electroremediation or nanoparticle-assisted techniques, suggesting an emergent
trend toward integrative, systems-based remediation. On the other hand, the report showed
that organic pollutants, such as PAHs and PCBs, received relatively less attention and only
a few studies used electroremediation or nanoparticle-assisted techniques, insinuating that
there is a certain research potential in terms of tracking and treating organic contaminants
as part of the sustainability framework. This pattern is consistent with the broader litera-
ture, which continues to identify persistent technological constraints and a comparatively
fragmented evidence base for PAH remediation specifically [3,68], suggesting that the
underrepresentation observed here reflects the composition of the reviewed corpus rather
than a genuine scarcity of research on organic contaminants.

The research also confirms the fact that the problem of soil salinization and general
degradation of soil resources receives, in general, very little attention from scientists. Nev-
ertheless, the introduction of innovative technologies like artificial solar phytoremediation
systems goes a long way in verifying groundbreaking, interdisciplinary innovations that
can be used to bring out broader soil functionality restoration. The overall findings of
this study are in line with the realization of the need for contaminant-specific remedia-
tion strategies that are environmentally accommodating, technically possible, and possess
long-term ecosystem resilience.
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From this table, we can make another analysis of the type of contaminants referred
to in the different reviewed articles. Figure 9 shows that the majority of the articles is
dedicated to remediating metals.

Figure 9. Number of articles addressing each contaminant type among the 53 selected articles.

3.2. Analysis of the Remediation Research and Techniques Used
3.2.1. Bioremediation and Phytoremediation

Recent studies demonstrate significant progress in microorganism-assisted and
plant-based remediation, with novel applications improving heavy metal and organic
pollutant removal.

The most significant advances have been observed in the field of microorganism-
assisted bioremediation and phytoremediation. Study [34] demonstrated that Eisenia
fetida has a high potential for vermiremediation in soils contaminated with heavy metals,
favoring the reduction in toxicity and the improvement in soil structure. In addition, ref. [40]
explored the application of Salix integra treated with spermidine and activated charcoal,
showing a substantial improvement in cadmium phytoextraction capacity.

Another relevant focus was the interaction between biochar and soil microbiota.
Ref. [44] demonstrated that the addition of nanoiron-supported biochar enhances the
removal of Cr(VI), improving the effectiveness of contaminated soil washing processes.
These advances reinforce the need for blended approaches to maximize the efficiency of
contaminated soil rehabilitation.

3.2.2. Innovative Physicochemical Techniques

The evolution of physicochemical techniques has also proved crucial for sustainable
remediation. Ref. [61] demonstrated the feasibility of stabilization with fly ash in conjunc-
tion with a plant intercropping system (Zanthoxylum bungeanum-Lolium perenne), resulting
in significant heavy metal immobilization and restoration of soil fertility.

On the other hand, ref. [69] introduced a new method of stepped steam heating
for the simultaneous stabilization of lead and arsenic, eliminating antagonistic effects
often observed in traditional treatments. This approach has shown high efficiency, while
minimizing environmental impacts associated with aggressive chemical methods.

Additionally, ref. [62] analyzed the sustainability of the use of zero-valent nanoiron
for soil and groundwater remediation, identifying challenges related to nanoparticle persis-
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tence and bioaccumulation. This study underlines the need for additional research on the
long-term impacts of these techniques.

3.3. Assessment Frameworks, Policy, and Socio-Economic Aspects
3.3.1. Multidimensional Sustainability Assessment

The integration of environmental, economic, and social criteria was widely discussed
in the studies analyzed. Ref. [47] proposed a decision model to assess the sustainability
of contaminated soil remediation, highlighting the importance of tools such as Multi-
Criteria Decision Analysis (MCDA) and Life Cycle Assessment (LCA) to compare different
remediation strategies. These findings are consistent with the recent literature emphasizing
that sustainable remediation strategies increasingly draw on circular economy principles
alongside LCA to reconcile technical performance with resource recovery and long-term
environmental cost [70].

Another relevant contribution was presented by [49], who applied life cycle assessment
in heat treatments for regionalized remediation of contaminated soils. The results indicate
that, although highly effective, this approach requires complementary strategies to mitigate
energy costs and greenhouse gas emissions.

Additionally, ref. [61] reinforced the need to consider the social impact of interventions,
promoting solutions that involve local communities and increase public acceptance of
sustainable techniques.

3.3.2. Policy Barriers

For the political barriers, articles that focus on systems and limits of contaminants in
the respective legislation were analyzed (Table 5).

Table 5. Policy barriers.

Aspect European Union (EU) United States (US) Key Challenges

Legal Framework
EU Soil Strategy 2030,
Green Deal (binding
targets)

CERCLA (Superfund),
RCRA (state-level
flexibility)

Fragmentation: EU
harmonizes standards; US
relies on state-led
enforcement.

Contaminant Limits
Strict Pb (300 mg/kg), Cd
(3 mg/kg) in Directive
2004/35/EC

EPA regional benchmarks
(e.g., Pb 400 mg/kg
residential)

Inconsistencies: EU’s
precautionary principle vs.
US risk-based thresholds

Funding Mechanisms LIFE Programme (€5.4B for
2021–2027)

Superfund Trust Fund
(taxes + polluter-pays)

Underfunding: US
Superfund backlog: 1300+
sites [62]

Sustainability Mandates Mandatory LCA for
remediation projects [47]

Voluntary Green
Remediation (EPA 2020)

Compliance Costs: EU’s
LCA adds 15–20% to
project costs [49]

The EU prioritizes strict, top-down precautionary standards paired with mandatory
life cycle requirements and public funding for sustainable innovation trading higher short-
term compliance costs for uniform standards. Conversely, the US uses a decentralized,
risk-based system powered by polluter-pays liability, offering flexibility, but running into
legal bottlenecks, site backlogs, and variable state enforcement [57]. Despite differences in
their regulatory frameworks, both the EU and the US face challenges related to regulatory
consistency, long-term funding, liability, and the integration of sustainability criteria into
remediation decision-making.
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3.3.3. Socio-Economic Trade-Offs

To analyze the socio-economic challenges, key remediation techniques identified in
the selected literature were evaluated. As shown in Table 6, the economic implications of
remediation technologies extend beyond direct treatment costs. Biochar-based approaches
may involve relatively high initial costs but can provide longer-term benefits, whereas
phytoremediation generally requires lower initial investment but entails longer treatment
periods and continued monitoring [38,40]. Socio-economic trade-offs are also context-
dependent: thermal treatments may face greater acceptance constraints in urban areas due
to concerns over emissions, while biochar application may be more favorably perceived in
rural settings because of its potential benefits for soil fertility [30,57]. Employment effects
further differentiate these approaches, as electrokinetic remediation requires specialized
expertise but may generate limited local employment, whereas phytoremediation can be
more labor-intensive and provide greater opportunities for community involvement [36,60].

Table 6. Economic trade-offs.

Technique Cost (€/ton) Timeframe Social Acceptance Economic Viability

Biochar + nZVI 120–150 2–5 years High (farmers prefer C
sequestration)

Moderate (high material
costs)

Phytoremediation 50–80 5–10 years Low (land use conflicts) High (low-tech, but
slow)

Electrokinetics 200–300 1–3 years Medium (noise/energy
concerns) Low (energy-intensive)

Thermal Desorption 400–600 <1 year Very Low (air pollution
fears)

Site-specific (only for
Hg/PAHs)

In the EU, incentives for sustainable remediation practices, including tax incentives
for biochar application [10], together with greater harmonization of LCA-based assess-
ment frameworks for cross-border projects [47], could facilitate the adoption of sustain-
able approaches. In the US, strengthening Superfund financing through polluter-pays
mechanisms [62] and promoting more structured stakeholder participation in remediation
decision-making, drawing on community-based approaches such as the Stratoni Greece
model [59], could help address financial and social barriers to implementation.

Globally, sustainable remediation should align with international sustainability goals,
including SDG 15.3, while promoting knowledge transfer through frameworks such as
Taiwan’s GSR Toolkit [32]. Despite regulatory differences, approaches such as biochar
and phytoremediation can balance economic, environmental, and social benefits, although
scalability remains a challenge. Future progress will require integrating technological
innovation, including AI-based tools, with flexible regulatory frameworks to ensure eco-
nomically viable, socially equitable, and environmentally resilient remediation [1,2].

3.3.4. Future Trends and Challenges

The review identified a growing trend towards the use of hybrid approaches, which
combine different techniques to maximize the effectiveness of remediation. However,
challenges such as economic viability, long-term environmental impact, and international
regulation remain barriers to large-scale implementation. It should be noted that the policy
comparison developed in Section 3.3.2 is centered on the EU and US regulatory frame-
works, which dominate the underlying literature; progress on internationally harmonized
regulation, and a stronger research and policy presence from other regions, such as Latin
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America, Africa, and parts of Asia beyond China, represent an important direction for
future work and were identified as a gap rather than a finding of this review.

The integration of computational tools, including machine learning for optimiza-
tion of remediation techniques [71], and the development of new sustainable materials,
such as functionalized biochar [44], represent promising directions for future investiga-
tions. Nanomaterial-based and hybrid physicochemical–biological strategies are similarly
gaining traction for pesticide-contaminated sites, where technology selection increasingly
needs to balance treatment cost, contaminant transformation products, and overall process
sustainability [15].

4. Conclusions
The systematic review of this article explains the interesting and diversified field of

sustainable soil remediation, stating the fact that without advanced technologies, ecological
principles, and socio-political frameworks becoming part of the solution, one of the most
urgent environmental challenges of our time can hardly be solved. The evolution from
the traditional, resource-intensive techniques of soil treatment to the more elaborate, eco-
centered, and systems-based methods is more than just a change in the way we think about
and make real soil recovery.

In addition, various biological methods involving microbiological organisms, plants,
and worms come out as the top contenders for the achievement of environmental regen-
eration. For instance, the boosting of Salix integra by using bio-chemical inputs and the
joint deployment of Eisenia fetida and the heavy metals removal test represent the ways
through which natural means can be strong enough to achieve ecological rehabilitation
goals. Further, the making of biochar, using nanotechnology like nZVI or nanoiron, is not
only a low-cost method for contaminant immobilization but is also a great way to improve
soil health, although there are rising issues related to the persistence of nanoparticles
and biosafety.

Physicochemical approaches, however, also made considerable progress, wherein the
new ways of undertaking activities, e.g., stepped steam heating and hybrid stabilization
systems, break away from the past environmentally aggressive treatments. When rightly
customized and combined, these techniques represent a quick and easily implemented
approach for the mitigation of hazard scenarios, mostly situations with high environmental
contamination and toxicity.

It is the holistic evaluation of such methods through life cycle assessment (LCA) and
Multi-Criteria Decision Analysis (MCDA) that will determine the future of these methods.
These tools are particularly useful in making comparisons and assessments through the
social, environmental, and economic spheres which allows the choosing of only sound
technical and locally suitable strategies. This article featured education and the role of
people as a first step toward reaching social and environmental justice, especially in parts
of the world that suffer from land use disputes or have been left with an industrial legacy.

However, the review has also pointed out major obstacles that have set back the
wide use of sustainable remediation practices, such as regulatory fragmentation, funding
constraints, and socio-economic trade-offs. The inconsistency between EU’s precautionary
rules and US’s risk-flexibility is a case in point, demonstrating the lack of synergy amongst
the countries, which in turn, detracts from transboundary knowledge sharing and sustain-
ability synchronization. Furthermore, the economic gap between low-cost, time-consuming
procedures like phytoremediation and capital-intensive quick actions results in difficult
choices of cost–benefit equilibrium, scalability, and public acceptance.

But this is not the end of the story; more needs to be done in order to deal with the
present situation and prevent such events from happening in the future. Many experts
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believe that hybridization and computational intelligence should become a part of future
remediation technologies, which will lead the way in reducing the environmental pollution
and protecting the environment. To the same extent, the introduction of machine learning
in prioritizing the sites of concern, the optimization of technological methods, and real-time
tracking of the environment promises a new level of precise, applicable, and economical
deployment of resources. Similarly, the production of novel sustainable materials, such as
functionalized biochar’s and bioinspired geopolymers, is a concrete step toward increasing
the effectiveness of the materials and achieving circularity.

This synthesis is based on 53 peer-reviewed studies published between 2015 and
2025 across environmental, geochemical, and engineering journals. The evidence base is
geographically concentrated, with most studies originating from China, the United States,
and selected European Union member states, including Spain, Slovenia, and Portugal,
while Latin America, Africa, and South and Southeast Asia are sparsely represented. The
reviewed studies are also predominantly supported by national or supranational funding
programs, particularly in China and the European Union (Section 3.1). Moreover, most
investigations were conducted at the laboratory or pilot scale, with relatively limited evi-
dence from full-scale field applications. These geographic and methodological constraints
limit the transferability of the findings and caution against generalizing the conclusions to
large-scale, real-world soil remediation programs. While this body of literature illustrates
the depth and diversification of current research, it does not constitute an exhaustive or
globally representative sample: the reviewed studies concentrate on a limited number of
geographic and regulatory contexts and are skewed toward heavy-metal contamination.
The conclusions presented here should therefore be read as an evidence-based synthe-
sis of current research directions and priorities, rather than as a globally comprehensive
assessment of soil remediation practice at scale.

In short, advancing sustainable soil remediation requires integrating technological
innovation, such as hybrid physicochemical–biological treatments and computational
optimization tools, with coherent science–policy synergy, spanning immediate contaminant
mitigation and long-term systemic transitions. Achieving land degradation neutrality,
environmental justice, and the broader aims of SDG 15.3 and the Paris Agreement will
depend on closing the geographic, regulatory, and methodological gaps identified in this
review, particularly the underrepresentation of regions beyond the EU and the US and of
contaminant classes beyond heavy metals.
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