Advancing Groundwater Remediation: Efficacy
of Slow-Release Permanganate Gels (SRPG) in
Treating Contaminant Plumes

ABSTRACT

Aim: The aim of this study is to evaluate the efficiency of the slow-release permanganate
gels (SRPG) as a technique for the remediation of contaminant plumes in aquifers to afford
an improved degree of groundwater quality and reduced environmental risks.

Study Design: Experimental and modeling studies were reviewed to assess the oxidation
capacity, release kinetics, and field applicability of SRPG for the remediation of
groundwater. The review included literature from 2019 to 2024, focusing on the latest
techniques and challenges in the field.

Methodology: A systematic search was conducted in several databases, including Google
Scholar, PubMed, Scopus, and Web of Science. Inclusion criteria ensured that the selected
articles were limited to those that were peer-reviewed discussing mechanisms,
hydrogeologic applications, and contaminant mitigation involving SRPG. Experimental
setup, numerical models, and field data were considered in order to assess performance
and scalability for various usage of SRPG.

Results: The review identified 5 effective studies on SRPG in reducing contaminant
concentrations in groundwater. Key factors for remediation success were increased
oxidation capacity, longer release kinetics, and improved spatial distribution. One notable
finding was a 75% reduction in trichloroethylene concentrations within six months of SRPG
application in a pilot-scale study. Field applications reported significant contaminant
reduction in heterogeneous aquifer systems, supporting the scalability of SRPG
technology.

Conclusions:SRPG is a promising low-cost and sustainable method for groundwater
remediation, particularly in complex aquifer systems. This study points to the need for
future studies with regard to optimization of the gel formulations concerning long-term
environmental impacts and the ability to biodegrade in environmental conditions toward
globally sustainable water resources management.
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1. INTRODUCTION

Contamination of groundwater is considered one of the most widespread environmental
hazards threatening the availability and quality of the most vital resources on earth[1]. Such
contaminants include chlorinated solvents, petroleum hydrocarbons, pesticides, and heavy
metals. The contamination is generally introduced into the aquifers from industrial discharge,
agricultural runoff, and improper waste disposal as plumes of contaminants expand in space
with time [2, 3]. Contaminated groundwater plumes are associated with high risks for



ecosystems, human health, and the long-term sustainability of this valuable resources[4].
These challenges, in turn, call for innovative remediation technologies that can ensure long-
term effectiveness while being economically and environmentally viable. Traditional
remediation techniques include pump-and-treat, in-situ chemical oxidation (ISCO), and
bioremediation, among others, which have seen extensive application over the last decades
[5, 6]. However, these methods often fall short in complex hydrogeologic environments
where contaminants are heterogeneously distributed. For example, pump-and-treat systems
are energy-intensive and ineffective in low-permeability areas, whereas conventional ISCO
techniques, relying on liquid oxidants, have generally been plagued by a limited subsurface
distribution and rapid oxidant depletion [7]. These limitations point to the need for more
effective and sustainable solutions.

Slow-release permanganate gels (SPR-G) represent an exciting development in the
evolution of groundwater remediation technologies. Unlike liquid oxidants, SRPG
formulations provide a controlled and sustained release of potassium permanganate into the
subsurface, enabling prolonged oxidation of contaminants and reducing the need for
frequent applications [8]. This mechanism is particularly advantageous in heterogeneous
aquifers where diffusion-limited processes dominate contaminant transport [9]. Furthermore,
it is cost-effective for long-term remediation projects due to its capability to maintain reactive
capacity over long periods. While pump-and-treat systems usually tend to be quite costly,
power-consuming, and inefficient in low-permeability zones, the SRPG offers more specific
and sustained oxidant delivery to reduce operational cost and energy consumption [7].
Whereas conventional ISCO approaches using liquid permanganate may face issues with
distribution or the rapid consumption of oxidants, such challenges are overcome through the
controlled, extended release with SRPG for far better contaminant treatment for extended
periods. In contrast to bioremediation, which may be slow and less effective in heavily
contaminated sites, the SRPG allows for faster, more predictable treatment performance,
particularly in areas that may not easily reach optimum performance with other methods.[10].

Various research has proved that SRPG is effective in various contaminants, including
trichloroethylene, perchloroethylene, and benzene-frequent groundwater pollutants [11,12].
Laboratory studies have shown that SRPG exhibits enhanced oxidative efficiency compared
to liquid permanganate, particularly under conditions of high contaminant concentrations
[13]. Field applications have further validated its efficacy, with case studies reporting
significant reductions:in contaminant levels and improvements in aquifer health within
months of deployment [14, 15].From an environmental sustainability perspective, SRPG
aligns with the principles of:green chemistry by minimizing secondary pollution and energy
consumption [2]. The gels can be tailored to specific site conditions by modifying their
composition “and:.release kinetics, offering flexibility in addressing diverse remediation
scenarios [8].. Their compatibility with other remediation strategies like bioremediation and
natural attenuation further raises their potential for integrated approaches in the
management of groundwater[4].

Despite these benefits, the effectiveness of SRPG still confronts a lot of challenges in their
applications. The design of gels should consider site-specific factors: the rates of
groundwater flow, types of contaminants, and geochemical conditions for optimum
performance [7]. Additionally, there is a need to continue studies of the long-term impacts of
SRPG in aquifer systems on possible byproduct formation and interactions with native
microbial communities [10]. All these knowledge gaps should be bridged in scaling up the
technology.

In this regard, slow-release permanganate gels represent one of the key developments in
recent decades in the science of groundwater remediation. Combining the principles of



sustained release mechanisms with high oxidative capacity, SRPG offers an economically
viable and environmentally acceptable method for remediating complex aquifer systems
contaminated by diverse contaminant plumes. This review discusses state-of-the-art
developments in the SRPG technology, inclusive of its applications, limitations, and future
avenues for research.

2. METHODOLOGY

This review considers the systematic search, selection, and evaluation of literature with
regard to effectiveness in using slow-release permanganate gels for the remediation of
groundwater. The methodology includes a wide literature search, followed by a detailed
selection of the studies and analysis of inherent limitations.Searching of relevantliterature
was done through four major academic databases: Google Scholar, PubMed, Scopus, and
Web of Science. These databases were chosen for their wide coverage of peer-reviewed
journals, conference proceedings, and technical reports. Searches were limited to
publications from 2019 to 2024 to ensure the review incorporated:the maest recent
advancements in SRPG technology. These include "slow-release permanganate gel”,
"groundwater remediation”, "contaminant plume treatment’, and ‘oxidation capacity".
Boolean operators "AND" and "OR" were also used to refine the'search results for
comprehensive inclusion of relevant studies. Inclusion was limited.to those that presented
experimental, field, or modeling data related to SRPG:applications inthe English language.
The exclusion criteria included publication before 2019, non-peer-reviewed articles, and
studies that were not experimentally focused or were inaccessible in full-text format.
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Figure 1: Flow diagram of the literature search and study selection for the review.

Of a total of 95.identified studies (see figure 2), 35 were from Google Scholar, 25 from
PubMed, 20 from Scopus, and 15 from Web of Science. After removing duplicates, 70
unique studies remained. These were screened based on their titles and abstracts to
exclude 55 either for being irrelevant or completely lacking in any focus on applications of
SRPG. These left 15 studies that then underwent a detailed full-text review, and 10 others
were excluded during this time. Common reasons for exclusion included insufficient
methodological rigor, absence of experimental or field data on slow-release oxidants, lack of
guantitative performance metrics, or inaccessibility of publications' format. The final selection
included five studies that provided data on laboratory experiments, field trials, and numerical
modeling and offered a wide range of perspectives on SRPG applications.

Notwithstanding the stringency of the above process, a number of limitations have been
identified. Language restrictions posed a significant barrier, as non-English studies,
potentially offering valuable regional insights, were excluded. Additionally, restricted access
to full-text articles limited the inclusion of otherwise relevant studies, introducing potential



selection bias. The focus on SRPG specifically may have excluded broader insights from
studies on other in situ chemical oxidation methods, potentially narrowing the scope of the
review [1]. Furthermore, many of the included studies lacked long-term data, which limits
understanding of the sustainability and environmental impacts of SRPG over extended
periods. Variability in the methodological quality of the reviewed studies also presented
challenges, as some offered limited quantitative data or inadequate statistical analyses,
reducing the ability to draw consistent conclusions [11]. The systematic methodology
adopted herein underlines the importance of transparency and reproducibility in literature
reviews. Though there are certain limitations identified, this review underlines some key
developments in SRPG technology and identifies areas of future research, including more
extensive field trials, evaluation of long-term impacts, and broader inclusion of global studies
to provide a comprehensive understanding of SRPG's role in groundwater remediation.

3. RESULTS AND DISCUSSION

The review identified key advances in the application of slow-release permanganate gels for
the remediation of groundwater. These findings could indicate key aspects of their
performance and field applicability:

Enhanced Oxidation Capacity

SRPG was very effective in oxidizing contaminants like chlorinated solvents, hydrocarbons,
and organic compounds present in groundwater. Wang et al. [16], and Samborska-Goik
Pogrzeba, [17] revealed that the supply of permanganate with SRPG is fairly stable for long
periods, which improves the oxidation process in heterogeneous aquifers. Moreover, these
gels provided effective treatment of low-permeability:-zones where conventional oxidants
cannot easily reach.

Prolonged Release Kinetics

The formulation of permanganate in SRPG has been proven to ensure controlled release,
thus maintaining effective concentrations for extended periods. For instance, Yen et al.[18]
reported that SRPG can maintain its oxidation activity, thereby reducing the frequency of
applications. The "prolonged. release diminishes operational costs while sustaining
contaminant plume treatment.

Improved Spatial Distribution

Another, important aspect in the reviewed studies is the potential of SRPG to permeate
permanganate. through heterogeneous and fractured aquifer systems.Wang et al. [19]
investigated:how. SRPG delivers a more homogenous contaminant reduction compared to
traditional liquid oxidants under varied hydrogeologic conditions. In this study, it was
established:that the gels conform to heterogeneities within the aquifer to enable appropriate
treatment even in complex subsurface environments.

Field Applications and Scalability

Field trials gave strong evidence of the scalability and practical benefits of SRPG. Chang et
al. [20]revealed that in a pilot-scale project, TCE concentrations were reduced by 75% within
six months of the application of SRPG. Similarly, O'Connor et al. [21] demonstrated the
feasibility of deploying SRPG in large-scale remediation projects and showed its
effectiveness in mitigating contaminant plumes over a 2-hectare area. Both studies



emphasized the cost efficiency and environmental sustainability of SRPG technology when
compared to other conventional methods.

Prolonged Release

Kinetics
Ensures long-lasting oxidation activity, Highly effective in oxidizing diverse
reducing application frequency. groundwater contaminants.

Improved Spatial

Distribution
Achieves uniform contaminant Demonstrated cost efficiency and
reduction in complex aquifer systems. scalability in large-scale projects.

Figure 2: Key Benefits of .Slow-Release <Permanganate Gels in Groundwater
Remediation

Environmental Implications,and Challenges

This study also pointed out 'several potential challenges, including the need for optimization
of SRPG formulation based on site-specific conditions due to variable contamination profiles.
Wang et al. [16] mentioned incomplete degradation of some contaminants, which may lead
to secondary. by-products and additional treatment. Further, Muller et al.[22] emphasized the
need to understand long-term environmental impacts related to permanganate residuals and
their interaction with aquifer geochemistry.

Remediation of contaminated groundwater with slow-release permanganate gel application
is a great achievement for the problems of persistent contaminant plumes in aquifers.
Results of this review show the potentials of SRPG to increase efficiency and sustainability
in ISCO techniques, especially under hydrogeologically complicated conditions.

The most striking advantage of SRPG, compared to the conventional liquid oxidants, is the
huge benefit in remediation of groundwater. Unlike liquid oxidants like potassium
permanganate and hydrogen peroxide, which are quick to dissipate and thus have to be
frequently reinjected, SRPG slowly releases permanganate over longer periods. Such
controlled release can ensure more sustained contact with the contaminant, reducing the
over-dosing risks and minimizing problems resulting from frequent application and unwanted
changes to the aquifer [18,20, 23].



One of the major innovations of SRPG was the ability to treat low-permeability zones or
"contaminant backwaters.” The enhanced viscosity of the gel allows for improved retention in
porous media and can enable effective treatment of recalcitrant contaminants such as
trichloroethylene (TCE) and perchloroethylene (PCE), which frequently bypass conventional
remediation strategies [16]. In addition, the resistance of SRPG against displacement by
groundwater flow increases its application in dynamic aquifer systems where the usual
oxidants get diluted or prematurely transported. The sustained oxidation falls right within the
requirements of today's ISCO technologies providing better efficiencies of contaminant
degradation [22].Heterogeneous aquifers, marked by variable permeability and flow
dynamics, present significant challenges in remediation efforts. SRPG exhibits promising
adaptability in such environments, with its high viscosity allowing diffusion into low-
permeability zones often neglected by liquid oxidants. This characteristic ensures more
comprehensive treatment across diverse aquifer settings [21, 24].

Despite these advantages, limitations remain. For example, the permanganate release rate
of SRPG can be too low in high-flow aquifers to support practical oxidation. Additionally, site-
specific gel stability and oxidation efficiency are also dependent on temperature, pH, and
microbial activity. These require a local optimization based on these parameters [18, 23].
Addressing these challenges requires advanced numerical modeling and hydrogeological
characterization to enhance injection design and predict the behavior of SRPG in complex
systems [16]. SRPG technology has distinct scalability and,cost-effectiveness advantages
compared to traditional remediation methods. The operational cost is reduced due to the
reduced frequency of injections and low maintenance; costs. It is, therefore, suitable for
large-scale and long-term projects. Its effectiveness has been proven through various
studies, where over 70% contaminant reduction was achieved in pilot-scale applications,
with sustained oxidation for up to six months [16,:21].

The economic and environmental benefits of . SRPG are particularly evident in its controlled
release mechanism, which minimizes over-desing and reduces the risk of secondary
impacts. However, successful large-scale implementation requires careful tailoring of gel
formulations to specific site conditions, such as the contaminant profile and aquifer
characteristics. Integrating SRPG with_ complementary techniques, including bioremediation
and monitored natural-attenuation, could further enhance its scalability and efficacy [22, 23].
While SRPG significantly reduces;contaminant levels and chemical wastage, its long-term
environmental impact is a cause for concern. Residual permanganate and manganese
oxides, by-products of the oxidation process, can accumulate in aquifers and may impact
groundwater. quality and usability over time [16]. Monitoring after remediation would be
necessary to ensure that the aquifers remain suitable for their intended uses and to mitigate
unintended conseguences [19].

Another critical-concern involves the potential disruption of native microbial communities.
Long-term exposure to oxidants can indeed alter microbial diversity and activity so important
for maintaining natural biogeochemical processes. The development of bio-compatible gel
formulations that cause minimal disruptions but with high oxidation efficiency thus remains a
very important area of research [22].Moreover, incomplete oxidation of contaminants, such
as chlorinated solvents, can lead to toxic intermediates. These by-products may need further
treatment methods to achieve complete remediation. Advanced analytical techniques and
pilot-scale studies are necessary in understanding these processes and devising methods
for mitigating adverse effects [18].

Future Directions for Research



More research on SRPG development needs to be undertaken in different respects so that
its potential could be optimally utilized in groundwater remediation. Advanced formulations
enhancing the stability of gels, improving oxidation efficiency, and minimizing environmental
residues; numerical modeling should be combined with pilot-scale testing for fine-tuning of
the deployment strategies, simulating the performance in different hydrogeologic
environments. Also, Long-term field demonstrations should be done to test the sustainability
of the SRPG applications and their efficiency in restoring groundwater quality.

4. CONCLUSION

These reviewed studies provide good evidence regarding the effectiveness\of the SRPG
approach for contaminant plume remediation. Indeed, the novelty mclude?\sustammg
release and applicability to complex aquifers, hence making it a game-changing tool in
groundwater management. However, environmental impact, site- -Speci ific op on, and
scalability are challenges that have to be resolved if its appllcablllgT\\s to be Wl;jeﬁed. The
contribution of this research also underlines the growing k in
sustainable remediation practices and further developmen‘t f”n 5 technologies of
groundwater treatment. o 4
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