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Abstract: Ensuring access to clean water for drinking, agriculture, and recreational activities
remains a global challenge. Groundwater, supplying approximately 50% of domestic water
and 40% of agricultural irrigation, faces increasing threats from climate change, population
growth, and unsustainable agricultural practices. These factors contribute to groundwater
contamination, notably nitrate pollution resulting from excessive fertilizer use, which
poses risks to water quality and public health. Addressing this issue demands innovative,
efficient, and sustainable remediation technologies. Permeable reactive barriers (PRBs)
have emerged as promising solutions for in situ groundwater treatment, using reactive
media to transform contaminants into less toxic forms. PRBs offer advantages like low
energy consumption and minimal maintenance. This study uses bibliometric analysis to
explore the scientific production of PRBs for nitrate remediation, revealing research trends,
key focus areas, and significant contributions. It included 141 articles published from 1975
to 2023. Early research focused on basic mechanisms and materials like zero-valent iron
(ZVI), while recent studies emphasize sustainability and cost-effectiveness using low-cost
materials such as agricultural byproducts. The findings highlight a growing focus on
the circular economy and the need for more in situ studies to assess PRB performance
under varying conditions. PRBs show significant potential for enhancing groundwater
management and long-term water quality in agricultural contexts.

Keywords: permeable reactive barrier; groundwater; denitrification; nitrate; agro-industrial
waste

1. Introduction
Ensuring access to high-quality water for human consumption, food production, and

recreational activities remains a global challenge [1]. Notably, groundwater is the primary
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source of fresh water essential for sustaining life worldwide [2,3]. It is estimated to supply
approximately 50% of the water used for domestic purposes and 40% for agricultural
irrigation [4]. However, the integrity and availability of groundwater are increasingly
threatened by a confluence of factors, including water stress, climate change, rising popula-
tion, desertification, and the effects of conventional agricultural practices, both geogenic
and anthropogenic in origin [1,4–6].

Groundwater contamination has consequently emerged as a significant and widespread
global issue, closely linked to climate change, the water–energy–food nexus, public health,
sustainable aquifer management, and extraction activities [3,7–10]. Given these challenges,
groundwater management is intrinsically connected to the 17 Sustainable Development
Goals (SDGs) established by the United Nations in the 2030 Agenda for Sustainable Devel-
opment, particularly SDG 6 (Clean Water and Sanitation) and SDG 13 (Climate Action) [11].
This context underscores the pressing need for innovative strategies in the agro-industry
that ensure efficient water use and protect groundwater quality.

Among the various forms of groundwater contamination, the presence of anionic
pollutants, particularly nitrates, has become a pressing concern [12], especially in regions
where groundwater is used for human consumption [13]. This issue is mainly driven
by the excessive application of fertilizers and nitrogen-based chemicals in agriculture,
which frequently leach into both surface and groundwater, appearing as nitrate, nitrite,
and ammonium [14]. Studies reveal that only about 30 to 40% of nitrogen fertilizer is
used by crops, while 12.5% to 45% of nitrogen ends up leaching into groundwater [15].
Agricultural practices are thus considered the leading global source of this pollutant,
representing a diffuse source of contamination that ultimately reaches surface water and
groundwater systems [4]. This contrasts with other pollution sources, such as septic tanks,
wastewater treatment plants, industrial effluents, and landfills, categorized as point sources
of pollution [2,16,17].

The consequences of nitrate contamination in groundwater are extensive, negatively
impacting environmental, social, and economic sectors. In some cases, the harmful effects
of nitrate pollution can be irreversible. To protect human health, the World Health Organi-
zation (WHO) has established a maximum permissible concentration of nitrate in drinking
water at 50 mg/L [18], a similar value adopted by the European Union [19], in contrast with
other countries such as the United States of America [20] and Canada with a maximum
value of 45 mg/L [21,22].

Notably, acute risk exposure has intensified in many Asian countries. In contrast,
chronic risk exposure has shifted from primarily affecting high-income regions, such
as Europe and North America, to middle-income countries in Asia and Africa [23–25].
These findings underscore the urgent need for robust regulatory frameworks to reduce
anthropogenic nitrogen inputs into aquatic ecosystems substantially.

Consequently, these pressing global environmental needs have led to the pursuit of
sustainable alternatives for remediating contaminated groundwater. Among these alterna-
tives, permeable reactive barriers (PRBs) have gained significant interest and have been
broadly studied for the in situ treatment of groundwater contamination. PRBs offer a
viable solution, emerging as a favorable alternative to the conventional pump-and-treat
technology. While pump-and-treat methods have been widely applied, they are often
criticized for their prolonged treatment duration and high operational costs [12,26–28].
This framework highlights the need for more efficient, cost-effective, and environmentally
sustainable remediation techniques to address groundwater contamination challenges.
Furthermore, tackling nitrate contamination requires an interdisciplinary approach inte-
grating hydrochemistry, ecohydrology, and water management, among others, reflecting
the complex interactions between natural processes and human activities.
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PRBs offer an energy-efficient solution for groundwater treatment by utilizing natural
water flow driven by gradient pressure, a process inherently linked to subsurface hydrology,
thereby minimizing the need for additional energy inputs. This efficiency, low maintenance
requirements, and long-term effectiveness make PRBs compelling for groundwater remedi-
ation [29–31]. PRB, strategically installed to intersect the contaminated groundwater flow at
a perpendicular angle, employs reactive materials to transform harmful contaminants into
less toxic forms directly at the treatment site [28]. The dynamics of contaminant movement
and their interactions within the PRB are governed by two fundamental principles: Darcy’s
Law and Fick’s Law, both of which are fundamental to hydrology and studies of contami-
nant transport. Darcy’s Law provides insights into fluid flow through porous media, while
Fick’s Law describes the diffusion process, detailing how contaminants migrate from areas
of higher concentration to lower concentration. These scientific principles are instrumental
in modeling and predicting how contaminants diffuse through the PRBs’ reactive materials,
guided by the concentration gradients [12].

Research in this field has predominantly focused on laboratory analyses, state-of-the-
art reviews, modeling, and in situ studies. Recently, there has been a notable increase in
studies examining the application of in situ PRBs, particularly for treating nitrate contam-
ination. Some innovative approaches have explored the use of solid organic substrates
derived from agricultural waste, including wheat straw, rice straw, mulch, luffa, and
corn cobs. These materials have shown promise in facilitating denitrification in PRBs for
groundwater treatment. However, the initial stages of accelerated carbon release from
some reactive materials can pose limitations. Despite these challenges, ongoing research
emphasizes the need for more in situ or pilot-scale studies. These studies are crucial for
assessing the longevity of PRBs and factors such as environmental, geological, and hydro-
logical conditions at the site, particularly for remediating groundwater contaminated with
nitrates [32,33].

Despite the agricultural sector’s predominant role in contributing to groundwater
contamination, it also holds the potential to be part of the solution. Bridging agricultural
sustainability and groundwater hydrology through technologies like PRBs can foster
circular economies, thereby mitigating environmental impacts. One way to address this and
achieve some level of mitigation is by using agro-industrial waste PRBs for groundwater
treatment and enhancing the industry’s circularity [25,32,34–39]. These materials have
shown promise in facilitating denitrification processes, offering a sustainable approach to
addressing nitrate contamination.

An exploratory study employing bibliometric analysis is conducted to examine the sci-
entific literature related to PRBs for the remediation of nitrate-contaminated groundwater.
Bibliometric analysis is the study of the evolution of the scientific literature published over a
specific period and within a particular research area, summarizing the development, trends,
and impact of studies on the topic over time [40]. Various authors have employed bibliomet-
ric analysis; for instance, Guleria et al. conducted a bibliometric analysis on contaminant
transport modeling. Their keyword co-occurrence analysis revealed a significant rela-
tionship between the groundwater node and the nitrate contaminant [40]. This approach
has also been applied in fields such as geothermal studies [41], groundwater life cycle
assessment [42], wetland ecosystems and climate change [43], sustainable water resource
management [44], the food–energy–water nexus [45], and intellectual property [46].

In this context, implementing PRBs has emerged as a promising solution for mitigat-
ing nitrate contamination in groundwater, particularly when utilizing low-cost, locally
sourced materials. This study examines how PRBs can utilize agricultural residues and
industrial byproducts, which are often overlooked despite their significant potential for
reuse in sustainable remediation strategies. These materials contribute to reducing envi-
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ronmental impact by promoting resource efficiency and aligning with the principles of a
circular economy. Although recent studies, such as Vakili et al. [47], have demonstrated a
growing interest in using PRBs for groundwater remediation, this work presents a novel
contribution by focusing specifically on nitrate removal, the role of agro-industrial waste,
and their potential integration into circular and context-appropriate PRB systems. This
study identifies key research trends, material performance, and implementation challenges
through a comprehensive bibliometric and critical analysis, providing valuable insights for
designing more sustainable and site-specific groundwater remediation technologies.

2. Materials and Methods
Literature reviews increasingly play a pivotal role in synthesizing scientific research,

leveraging existing knowledge, and providing evidence-based insights that serve as valu-
able decision-making tools. While several qualitative and quantitative methods exist to
understand, organize, and analyze literature, bibliometric analysis stands out for its ability
to systematically provide statistical information based on elements such as titles, keywords,
author names, and document types, among other pertinent information, allowing for ad-
dressing both global and local perspectives. This study employs a bibliometric analysis
to address the following research question: how can PRBS for the remediation of nitrate
contamination in groundwater provide effective solutions from the agricultural sector’s
perspective and enhance circularity? To address this target, the methodology of this study
is structured into three distinct phases (Figure 1):

• Data collection: The Web of Science (WoS) database was used to access scientific articles
from peer-reviewed journals. The literature review focused on nitrate, groundwater,
and permeable reactive barriers. The search equation nitrate AND groundwater
AND PRBs was applied in the topic search category, which includes keywords, titles,
and abstracts. The search was conducted on 6 June 2023. The inclusion criteria
encompassed publications from 1975 to 2023, resulting in 141 articles.

• Document filtering: The inclusion criteria for the type of documents encompassed
articles, review articles, conference papers, news articles, and those designated as
“early access” in all available languages. Data analysis from WoS indicated that 98.62%
of the retrieved documents were in English, 0.69% in Mandarin, and 0.69% in German.
Although the search was conducted for publications from 1975 to 2023, the earliest
article retrieved in WoS that matched the topic search criteria and was available for
full-text access was published in 2001. This indicates that either the terminology
became widely adopted in indexed literature from 2001 onwards or that earlier works
were not accessible through WoS at the time of the search. As a result, 136 documents
were selected for in-depth analysis.

• Data analysis: A WoS data analyzer was employed to discern scientific production
trends over time and identify key research areas of focus [21]. Graphical representa-
tions of bibliometric maps were created using the VOSviewer visualization software,
version 1.6.19, developed by Jan Van Eck and Ludo Waltman [48]. VOSviewer is
frequently used in bibliometric analyses to visualize bibliometric networks [49–52].
This utility is attributed to its functionality in constructing maps and groupings, either
by the density of nodes or the distance between them, which signifies the relationships
among the nodes [48]. The *.txt file exported from the Web of Science database was
input into VOSviewer to generate these maps.
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Figure 1. A research framework proposed for the bibliometric analysis of groundwater nitrate
contamination remediation using PRBs.

A co-occurrence analysis of both total and author keywords was conducted to elucidate
trends and connections within the scientific literature over the selected period [43]. First,
the total keyword analysis was performed to examine the keywords used in the articles
under review. This method identifies the selected articles’ recurring themes, patterns,
and connections [53]. Doing so reveals the primary topics and emerging trends in the
relevant field of research. On the other hand, the author keyword analysis entails an
examination of the frequencies and connections between the specific keywords chosen
by each author. Such analysis provides a more detailed insight into the authors’ research
interests and approaches [54]. In bibliometric maps, the size of the circles increases in
proportion to the frequency of a keyword’s occurrence in the documents. Connections,
indicated by links between keywords, reveal their relationships, with thicker lines denoting
stronger relationships.

Additionally, the colors in the map delineate various groups or clusters, which are
organized based on the strength of relationships between the keywords. Thus, closely
related keywords appear closer to each other on the map. A citation analysis was also
employed to assess the contribution of different countries, documents, and journals based
on the total number of citations and articles published. Citations hold significant value in
research as they are a key measure of the influence and impact of studies within a specific
field [55].

Furthermore, a density view and an element label of the nodes were used to depict the
results. The density view is instrumental in visualizing the significance of the map’s most
prominent areas or elements. Here, the color intensity of a map area correlates with the
concentration of elements in a node and the relevance of its neighboring elements. The areas
of greatest density represent higher importance, denoting a more extensive accumulation
of documents or citations and their interconnectedness. Furthermore, in the label view,
elements are represented by points or nodes. The size of each node reflects its significance
within the overall map. Clusters or groups are formed through the relationships between
these nodes, where the thickness of the lines connecting the nodes indicates the strength of
their relationship and level of agreement [48].
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3. Results
3.1. Evolution of the Scientific Production

The production of articles in the field has exhibited a rising trend in recent years,
indicating an increasing interest in this area of research, as shown in Figure 2. A peak
in publication volume was observed in 2020, with 15 articles published, representing
approximately 9% of the total publications analyzed. Subsequently, there was a consistent
output in both 2021 and 2022, with each year seeing the publication of 12 articles. However,
a slight decrease is noted in 2023, with six publications recorded as of June 2023, as depicted.
Regarding article types, 84.46% were research articles, 7.43% were review articles, and
5.41% were conference papers (Proceeding papers).
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Figure 2. Annual scientific production on using PRBs for groundwater nitrate remediation over time.

3.2. Articles by Research Areas

The distribution of articles across various research areas is illustrated in Figure 3. It
reveals that most of the articles fall within the thematic area of ecological environmental
sciences, accounting for 42% of the total. This is followed by water resources, representing
22% of the articles, and engineering, comprising 21%. Other areas include geology, at 6%;
applied microbiology in biotechnology, at 2%; chemistry, at 2%; and materials science and
agriculture, which account for 1% of the total articles.

Hydrology 2025, 12, x FOR PEER REVIEW 6 of 30 
 

 

publication volume was observed in 2020, with 15 articles published, representing ap-
proximately 9% of the total publications analyzed. Subsequently, there was a consistent 
output in both 2021 and 2022, with each year seeing the publication of 12 articles. How-
ever, a slight decrease is noted in 2023, with six publications recorded as of June 2023, as 
depicted. Regarding article types, 84.46% were research articles, 7.43% were review arti-
cles, and 5.41% were conference papers (Proceeding papers). 

 

Figure 2. Annual scientific production on using PRBs for groundwater nitrate remediation over time. 

3.2. Articles by Research Areas 

The distribution of articles across various research areas is illustrated in Figure 3. It 
reveals that most of the articles fall within the thematic area of ecological environmental 
sciences, accounting for 42% of the total. This is followed by water resources, representing 
22% of the articles, and engineering, comprising 21%. Other areas include geology, at 6%; 
applied microbiology in biotechnology, at 2%; chemistry, at 2%; and materials science and 
agriculture, which account for 1% of the total articles. 

 

Figure 3. Overview of the field distribution of the final dataset retrieved from the WoS database and 
used for the bibliometric analysis, in which the environmental sciences ecology is the most promi-
nent development field. 

3.3. Bibliographic Mapping 

3.3.1. Keyword Co-Occurrence Analysis 

The co-occurrence analysis of keywords was key in revealing the research direction 
and the most significant topics related to PRBs and nitrate contamination over the ana-
lyzed period [55]. Drawing from the methodology developed by Salimi et al. [43], this 
analysis encompassed 136 articles and identified 776 keywords. By applying a minimum 
keyword occurrence threshold of five, 58 keywords were mapped, resulting in four dis-
tinct clusters. 

1
3

1 2 2 3
6

9

4
2 3 3 4 4

10

3

9
11 11

15
12 12

6

0

5

10

15

20
20

01
20

02
20

03
20

04
20

05
20

06
20

07
20

08
20

09
20

10
20

11
20

12
20

13
20

14
20

15
20

16
20

17
20

18
20

19
20

20
20

21
20

22
20

23

N
um

be
r o

f 
pu

bl
ic

at
io

ns

Years

42%

21%

22%

6%

2%

2% 2% 1% 1% 1% Environmental
Sciences Ecology
Engineering

Water Resources

Geology

Biotechnology
Applied Microbiology
Chemistry

Materials Science

Figure 3. Overview of the field distribution of the final dataset retrieved from the WoS database and
used for the bibliometric analysis, in which the environmental sciences ecology is the most prominent
development field.

3.3. Bibliographic Mapping
3.3.1. Keyword Co-Occurrence Analysis

The co-occurrence analysis of keywords was key in revealing the research direction
and the most significant topics related to PRBs and nitrate contamination over the analyzed
period [55]. Drawing from the methodology developed by Salimi et al. [43], this analysis
encompassed 136 articles and identified 776 keywords. By applying a minimum keyword
occurrence threshold of five, 58 keywords were mapped, resulting in four distinct clusters.
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The keyword co-occurrence network map, as depicted in Figure 4, illustrates the
primary topics associated with PRBs, groundwater, and nitrate. The nodes’ sizes in this
map indicate the frequency with which specific keywords appear. Prominent keywords
such as “permeable reactive barrier”, “denitrification”, “water”, “Zero valence iron”, and
“groundwater” are represented by larger nodes, indicating a higher frequency of occurrence.
This pattern suggests that the assessment of PRBs for remediating nitrate-contaminated
groundwater has predominantly focused on materials like zero-valent iron (ZVI) and
processes such as denitrification.
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permeable reactive barriers, groundwater, and nitrate.

Different clusters in the network map, denoted by various colors, highlight strong
relationships among keyword groups:

• Cluster 1 (red): This cluster contained the highest number of keywords, totaling
24. The most frequent keywords were “permeable reactive barrier” (81 occurrences),
followed by “Zero-valence iron” (45) and “nitrate” (41). Other significant keywords in
this cluster included “groundwater remediation” (20 occurrences), “pH” (7), “nitrate
reduction” (11), “long-term performance” (22), “in situ remediation” (6), “degradation”
(15), “zero-valent iron” (19), and “transport” (7). The strong interconnection between
ZVI, groundwater remediation, nitrate, and PRBs suggests that this cluster emphasizes
using PRBs for groundwater remediation using ZVI.

• Cluster 2 (green): This cluster comprises 22 keywords, with “denitrification” (44 oc-
currences) as the most frequent, followed by “nitrate removal” (22) and “wastewater”
(21). Additional keywords included “biological denitrification” (11), “contaminated
groundwater” (12), “drinking water” (13), “denitrifying bacteria” (6), “carbon sources”
(8), and “water treatment” (5). This cluster predominantly pertains to biological
denitrification for nitrate removal.

• Cluster 3 (blue): This group included six keywords, led by “remediation” (33 occur-
rences) and followed by “water” (25). Other keywords were “sediments” (6), “soil” (8),
“iron” (9), and “nitrate in groundwater” (5). This cluster focuses on water remediation
for nitrate contamination.
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• Cluster 4 (yellow): This group also comprised six keywords, with “groundwater”
(66 occurrences) as the most frequent, followed by “removal” (35). Other keywords
in this group included “rate” (5), “nitrogen” (9), “groundwater contamination” (12),
and “bioremediation” (5). This cluster likely pertains to the bioremediation of nitrate-
contaminated groundwater.

A temporal analysis of keyword occurrence from 2012 to 2018 revealed evolving
trends, as shown in Figure 5. In 2012, keywords like “bioremediation”, “transportation”,
“granulated iron”, “long-term performance”, and “hexavalent chromium” were prominent.
Between 2012 and 2014, there was a shift towards keywords like “iron zero valence”, “pH”,
“reduction”, and “kinetics”. From 2014 to 2016, there was a noticeable increase in keywords
such as “permeable reactive barriers”, “groundwater”, “denitrification”, “bacteria”, “ni-
trate”, “nitrite”, “remediation”, “water”, and “nitrate reduction”. For the years 2016 to
2018, keywords such as “soil”, “nitrate reduction”, “removal”, “nitrate removal”, and “per-
meable reactive barriers” (PRBs) became increasingly prevalent. Following 2018, the focus
shifted to terms such as “in situ”, “water treatment”, “microbial reduction”, “denitrifying
bacteria”, “groundwater remediation”, “nitrogen”, “adsorption”, and “activated carbon”.
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Overall, the shift in keywords over time reflects a movement from more traditional
physicochemical remediation approaches to more integrated, often biologically based meth-
ods that offer sustainable, long-term solutions to pollution, particularly in groundwater
and soil. The increasing complexity of keywords and the introduction of new terms suggest
that the field is expanding with the latest technologies and that there is a growing under-
standing of the interactions between various remedial techniques and the environments
in which they are applied. This trend is likely driven by the increasing global urgency
to address pollution and sustainability in different sectors, such as agriculture, and the
technological advances that enable more precise and effective interventions.

3.3.2. Co-Occurrence Analysis of Author Keywords

The author keywords were analyzed for the 136 articles, each with a minimum oc-
currence of five. Out of 411 total author keywords, 11 interconnected nodes or keywords
were identified. The keyword network map highlights “permeable reactive barrier” as the
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most frequent keyword (48 occurrences), followed by “denitrification” (32), “groundwater”
(26), “nitrate” (24), and “zero-valent iron” (19). A strong linkage is observed between
“permeable reactive barrier” and keywords such as “groundwater”, “nitrate”, “zero-valent
iron”, and “denitrification”.

The map resulted in three groups, as observed in Figure 6a:

• Cluster 1 (red): Comprising four keywords, with “denitrification” having the highest
frequency (32). Other keywords included “adsorption” (5), “permeable reactive barrier
(PRB)” (6), and “remediation” (8).

• Cluster 2 (green): Containing four keywords, where “permeable reactive barrier” was
the most frequent (48). It also included “groundwater remediation” (16), “nitrate
removal” (9), and “zero-valent iron” (19).

• Cluster 3 (blue): Composed of three keywords, with “groundwater” being the most
frequent (26), followed by “nitrate” (24) and “autotrophic denitrification” (7).

The keyword citation analysis is shown in Figure 6. Figure 6b shows that “groundwa-
ter,” “zero-valent iron”, and “nitrate removal” have the highest number of citations. At the
same time, there is a decrease in citations for “permeable reactive barrier”, “denitrification”,
“nitrate”, and “groundwater remediation”. The temporal analysis of the author’s keywords
in Figure 6c reveals that up to 2012, the keyword “iron zero valence” was prominent. From
2012 to 2016, “permeable reactive barrier”, “nitrate”, and “groundwater” were key terms.
From 2016 onwards, the terms “denitrification” and “groundwater remediation” gained
more prevalence. This indicates the evolving focus of research over the past few years.
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3.3.3. Distribution of Publications in Journals

The distribution of publications across journals is depicted in Figure 7, which shows
the leading journals where the relevant articles were published. A minimum threshold
of five documents per journal was applied, identifying nine journals out of sixty-one. A
density visualization highlighted the journals with the highest citation count, with circle
sizes proportional to each journal’s citation numbers. Larger circles indicate a higher
citation frequency in that journal.

A relationship is observed between Journal of Hazardous Materials and Chemosphere. At
the same time, a distinction is noted between Water Research and Journal of Contaminant
Hydrology, which were found to be related. Table 1 provides detailed information on the
number of citations and documents for each journal.
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Table 1. Journals with the highest number of citations and documents.

Journal Citations Documents

Journal of Hazardous Materials 1180 5
Water Research 916 8
Chemosphere 469 10

Journal of Contaminant Hydrology 361 8
Ecological Engineering 316 5

Science of the Total Environment 96 6
Water Science and Technology 92 5

Environmental Science and Pollution Research 68 7
Journal of Environmental Management 57 9

Total 3555 citations 63 documents

The journal Journal of Hazardous Materials leads in citation counts with 1180 citations,
followed by Water Research with 916 citations, Chemosphere with 469 citations, and Journal of
Contaminant Hydrology with 361 citations. Notably, Chemosphere has the highest number of
published documents, totaling ten, whereas Journal of Environmental Management has nine
publications, and both Journal of Contaminant Hydrology and Water Research have eight. Of
the 61 surveyed, these nine journals account for 46% of the published documents and 51%
of the citations, highlighting their significant contribution to this field.

3.3.4. Contributions—Country

A citation analysis was conducted to identify the countries most cited in this research
area. A threshold of at least five documents per country was set, including eight countries
out of thirty-seven. The density visualization for citations (Figure 8) indicates that the
United States has the highest number of citations, totaling 3306, followed closely by China,
with 3191. Other notable contributions include Italy with 486 citations, South Korea with
331, Spain and Japan with 207, Canada with 153, and Iran with 95.
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Regarding document contributions, China has the highest number of publications,
accounting for 50 documents. The United States follows with thirty-three publications,
South Korea with twelve, Iran with ten, Spain with eight, Italy with seven, and Canada
contributing with six. Most of the document production is concentrated in Asia. However,
North American countries, specifically the United States and Canada, contributed signif-
icantly, with 38 documents. With two documents, Brazil is highlighted as the sole Latin
American country contributing to this field (Figure 9).
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3.3.5. Most Cited Published Documents

An analysis was conducted to identify the most cited documents in the field, setting a
minimum criterion of 150 citations per document. This threshold resulted in the selection
of nine documents out of one hundred thirty-six. These documents were mapped using
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VOSviewer, which eased the analysis of the most relevant and frequently occurring terms
within these documents, thus revealing the relationships among them (Figure 10).
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Cluster 1 comprises the most significant number of nodes, with five documents [56–60].
These documents primarily focus on using ZVI in water treatment and as a component in
PRBs. ZVI has been extensively studied and applied in the treatment of toxic groundwater
contaminants due to its abundance, cost-effectiveness, and reducing capacity for oxidized
contaminants, such as hexavalent chromium (Cr (VI)) [60].

For instance, Lai and Lo [58] undertook an evaluation of hexavalent chromium (Cr
(VI)) removal using acid-washed ZVI (AW-Fe0) under varied groundwater geochemical
conditions using column experiments. This research highlights the potential of ZVI in
addressing specific challenges posed by contaminants. Similarly, the study in [59] focused
on the kinetics of arsenate As (V) and arsenite As (III) elimination using ZVI in aqueous
solutions through batch assays. This study highlighted the efficacy of ZVI as a reactive
medium in PRBs, particularly for mixed inorganic contaminants. It also highlighted the
necessity of considering the effects of anion competition in designing such barriers for
field applications.

Furthermore, Alowitz et al. [56] investigated the influence of various iron metal types,
surface area concentration, and pH values (ranging from 5.5 to 9.0) on nitrate, nitrite,
and Cr(VI) removal rates. The findings from this study are crucial in determining the
parameters for effective PRBs.

In a comprehensive review, Fu et al. [60] discussed the recent advances of ZVI as a re-
active material, the range of contaminants it can remove from groundwater and wastewater,
its reaction mechanisms, and its efficiency in contaminant removal. This review concluded
that while ZVI barriers are effective for in situ groundwater remediation, their long-term
performance issues and the potential benefits of combining ZVI with other materials or
technologies warrant further exploration.

Additionally, Guan et al. [57] explored the limitations of ZVI technology in a re-
view article, proposing various countermeasures and future research directions. This
study highlights the importance of improving ZVI corrosion resistance and enhancing
reactant mass transfer to broaden the application scope and increase the efficiency of
ZVI-based treatments.

Cluster 2, comprising three significant documents [14,59,60], explores the use of
organic carbon sources in denitrification to remove nitrate. This cluster provides valuable
insights into the efficacy and dynamics of different organic materials in enhancing the
denitrification process. For instance, Gibert et al. [14] focus on assessing the nitrate removal
capacity of seven organic substrates through batch experiments. Following these initial
tests, one substrate was chosen for further exploration in bench-scale column experiments,
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simulating a PRBs. The study found that a softwood organic substrate, comprising branches,
bark, and a minor proportion of leaves, exhibited a remarkable nitrate removal efficiency
of over 98% through denitrification. This efficiency was significantly higher than other
substrates, including hardwood, mulch, conifers, willow wood chips, compost, and freshly
fallen leaves. Consequently, softwood was identified as an adequate material for PRBs,
offering an alternative to traditional wood usage.

In contrast, Cameron et al. [63] suggest a shift from the conventional use of wood media
in PRBs to more labile carbon sources, arguing that these alternatives could achieve higher
nitrate removal rates and potentially reduce installation costs. This study comprehensively
evaluated the effectiveness of nine diverse organic carbon sources, each with five different
particle sizes, to ascertain the impact of particle size on the denitrification process. This
study was conducted over a period of 23 months and at varying temperatures. It stands
out due to its extended timeframe and the significant volume of carbon media tested,
surpassing previous laboratory-scale experiments. Among the materials analyzed, corn
cob and hardwood emerged with notable nitrate removal rates, highlighting the potential
of varied organic substances in denitrification.

In another study, Wang et al. [62] offer a broad analysis of the solid-phase denitrifica-
tion process, focusing on diverse types of solid carbon sources used for nitrate removal in
water. This review encompasses both natural and synthetic biopolymers, including wood
chips, sawdust, straw, cotton, corn cobs, algae, bark, polyhydroxyalkanoates (PHAs), poly-
caprolactone (PCL), polybutylene succinate (PBS), polylactic acid (PLA), and various other
biodegradable polymers. These materials display desired efficiency, cost-effectiveness, and
availability. Additionally, the study addresses critical aspects, including the influence of
these materials on the microbial community in biofilms, potential adverse effects, and the
overall costs associated with the denitrification process.

Cluster 3 comprises a single yet influential study performed by Rocca et al. [61], which,
despite its standalone position, is one of the most cited in this field of study. This document
presents a comprehensive review article that addresses various technologies for treating
nitrate-contaminated waters, primarily focusing on in situ applications. These include
chemical reduction, adsorption, and biological denitrification, which can be implemented
via PRBs or the direct injection of liquid and gaseous reactive compounds into groundwater.
This review proposes an innovative approach that combines heterotrophic and autotrophic
denitrification processes, utilizing cotton as a source of organic carbon, a support material,
and ZVI to generate cathodic hydrogen gas. This combination enhances autotrophic growth
and effectively removes contaminants like nitrate, chlorinated ethane, and chromium (VI)
from water bodies.

In addition to the insights provided by individual studies, Table 2 offers a comprehen-
sive overview of the nine most cited articles in the domain. It details the number of citations
each article has received and the frequency of these citations. The article [39] leads the list
with 1078 citations, followed by Guan et al., 2015 [57] and Alowitz and Scherer, 2002 [56]
with 635 and 538 citations, respectively. Notably, Fu et al., 2014 [60] also hold the highest
citation frequency, calculated as the total number of citations divided by the number of
years since publication, with a score of 119.78. This is followed by Guan et al., 2015 [57]
with 79.38 and Wang and Chu, 2016 [62] with 48.57, indicating these works’ significant and
ongoing impact on the field.
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Table 2. The most cited publications analyzed from the WoS database for PRBs, groundwater,
and nitrate.

Article Year Citations Document
Type

Citation
Frequency Reference

The use of ZVI for groundwater
remediation and wastewater treatment:
A review

2014 1078 Review 119.78 [60]

The limitations of applying ZVI
technology in contaminants
sequestration and the corresponding
countermeasures: The development of
ZVI technology in the last two decades
(1994–2014)

2015 635 Review 79.38 [57]

Kinetics of Nitrate, Nitrite, and Cr (VI)
Reduction by Iron Metal 2002 538 Article 25.62 [56]

Arsenate and arsenite removal by ZVI:
Effects of phosphate, silicate, carbonate,
borate, sulfate, chromate, molybdate,
and nitrate, relative to chloride

2001 397 Article 18.05 [59]

Biological nitrate removal from water
and wastewater by solid-phase
denitrification process

2016 340 Review 48.57 [62]

Nitrate removal and hydraulic
performance of organic carbon for use in
denitrification beds

2010 213 Article 16.38 [63]

Overview of In-Situ Applicable Nitrate
Removal Processes 2007 205 Review 12.81 [61]

Removal of chromium (VI) by
acid-washed ZVI under various
groundwater geochemistry conditions

2008 184 Article 12.27 [58]

Selection of organic substrates as
potential reactive materials for use in a
denitrification PRB.

2008 174 Article 11.60 [14]

4. Discussion
Global research on nitrate pollution, groundwater quality, and PRBs highlights a

dynamic interest in developing innovative and sustainable methods for treating contami-
nated groundwater. These studies primarily focus on utilizing PRBs to remove pollutants,
thereby enriching the field of environmental sciences, with a particular emphasis on water
resource management. The comprehensive literature review portrays research directions
in ecological and environmental sciences, water resources, and engineering, highlighting
emerging trends and challenges of groundwater remediation. The focus on PRBs highlights
their significance in purifying nitrate-contaminated water, with a targeted investigation into
ZVI groundwater remediation and nitrate removal. The review identifies diverse research
strategies, underscoring significant advancements and ongoing challenges in groundwater
decontamination. The analysis reveals a comprehensive integration of concepts, with PRBs
emerging as a pivotal technology for treating nitrate-contaminated water. The prevalent
use of ZVI in PRBs for nitrate removal and groundwater remediation reflects a concentrated
scholarly interest in these materials and methods, mapping a clear trajectory for future
research in these vital areas.
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4.1. Permeable Reactive Barriers: Global Perspective

An analysis of 141 publications from 1975 to 2023, primarily conducted by China, the
United States, and South Korea, reveals these countries as leaders in environmental research,
largely due to their rapid industrialization and deteriorating water quality. The alignment
of this work with the United Nations’ Sustainable Development Goals (SDGs) reflects
its international influence. Despite the limitations of English-focused analysis, broader
reviews employing bibliometric analysis offer insights into the hydrological, chemical, geo-
logical, and microbiological challenges. Abiotic removal of arsenic and other contaminants
is a promising water quality technology, with denitrifying bacteria also improving the
hydraulic flow.

However, challenges such as carbonate accumulation and material selection must be
addressed to improve the effectiveness of PRBs in water pollution control. Long-term field
testing and research on microbial interactions are essential for continuously improving
PRBs for sustainable groundwater remediation. Overcoming ion competition, biofouling,
and economic profitability is crucial for advancing PRB technology.

These implications underscore the importance of ongoing research, in situ validation,
and multidisciplinary approaches to ensure the effectiveness, sustainability, and prac-
tical applicability of proposed groundwater remediation technologies. Future research
opportunities in groundwater remediation include exploring global trends, analyzing
country-specific contributions, and fostering interdisciplinary collaboration among eco-
logical, environmental, water resources, and engineering sciences. Aligning research with
the United Nations’ Sustainable Development Goals (SDGs), particularly SDG 6, which
focuses on clean water and sanitation, is crucial for addressing challenges and enhancing
remediation technologies.

In addition, implementing PRBs must align with national and international regulatory
frameworks to ensure safe and practical application in groundwater protection. In the
United Kingdom, the Environment Agency developed a regulatory approach combined
with best practice guidance to support the deployment of PRBs for various contaminants,
including mixed plumes [64]. This regulatory support has facilitated the transition from pi-
lot to full-scale PRB applications, particularly for controlling diffuse groundwater pollution,
aligning with the EU Water Framework Directive.

Similarly, PRB systems have been tested in Belgium under laboratory conditions
to treat landfill leachate, successfully reducing contaminants to levels below regulatory
discharge limits [65]. In China, the development of multimedia PRBs (M-PRBs) has also
demonstrated compliance with regulatory thresholds for ammonium and nitrate levels in
groundwater [66]. These examples highlight how PRBs can be engineered to meet specific
legal and environmental standards.

At the international level, the United Nations Sustainable Development Goal 6 (Clean
Water and Sanitation) emphasizes improving water quality by reducing pollution and
minimizing the release of hazardous chemicals and materials. PRBs, especially those
utilizing low-cost and sustainable media, provide an effective tool to help achieve these
goals by supporting the safe reuse of groundwater resources for both agricultural and
domestic use.

Despite these advances, global policy integration remains uneven. More efforts are
needed to harmonize technical guidelines, performance monitoring, and post-installation
assessments of PRBs. Future research should evaluate the integration of PRBs into national
water policies, considering regional priorities, environmental standards, and long-term
sustainability.
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4.2. Exploring Opportunities: Challenges in Research Outcomes

Challenges in hydrological, chemical, geological, and microbiological aspects encour-
age the development of integrated analyses that consider the interplay between these
elements and their collective impact on the effectiveness of groundwater remediation
strategies [7]. A thorough analysis of the effects of competing anions, such as phosphates,
silicates, carbonates, borate, sulfates, chromate, molybdate, and nitrates, on the removal of
arsenic species using iron oxide as a PRB is crucial in the studies reviewed [59,67–71]. Addi-
tionally, some research significantly focuses on understanding microbial dynamics [72–74]
for the in situ implementation of PRBs [69,75–82], with particular emphasis on removing
diverse pollutants like uranium, technetium, and nitrate, highlighting the importance of
biological processes in the effectiveness of these barriers [7,24,34,38,61,71,78,83–96].

The reviewed studies emphasize the critical role of hydrological conditions, including
flow dynamics, permeability variations, and residence time, in determining nitrate attenua-
tion efficiency [16,81,97]. Groundwater flow variability, influenced by fractured bedrock,
dual flow systems, and dilution from river sources, can create preferential pathways that
reduce the uniformity of contaminant capture and nitrate reduction efficiency [81,97,98].

Chemical interactions, including pH fluctuations and the corrosion of reactive metals,
further influence the performance of PRBs by affecting both permeability and reactivity.
Corrosion products, such as iron oxides and carbonates, can precipitate and reduce the
permeability of reactive media over time, hindering nitrate removal. The presence of
competing anions, including phosphates, sulfates, and carbonates, can also interfere with
nitrate reduction capacity by altering the reactivity of the PRB media and limiting the
available reactive surface area [50,81,97,99]. As highlighted in the reviewed papers, effective
modeling and scenario analysis require the simultaneous consideration of these chemical
processes alongside hydrological complexity to ensure accurate predictions of long-term
remediation performance [50,97,99].

Geological heterogeneity introduces another layer of complexity, as variations in
aquifer structure and substrate composition impact the transport and dilution of contam-
inants. Variations in soil composition and low-permeability zones can either promote
localized treatment efficiency or lead to contaminant bypassing, depending on the distribu-
tion of reactive media and the hydrogeological setting. For example, while PRBs succeeded
in nitrate attenuation in some regions, areas with lower permeability and complex flow
patterns exhibited lower treatment efficiency, emphasizing the importance of site-specific
assessments for optimized performance [16,97,98].

Microbiological factors, such as the activity of denitrifying bacteria, also play a critical
role in nitrate removal within PRBs [16]. The interaction between microbial communities,
hydrological residence time, and the availability of carbon sources can significantly affect
the denitrification rate and overall PRB efficiency [16,43]. However, microbial activity can
also contribute to biofouling and clogging over time, thereby reducing the permeability and
long-term sustainability of the remediation system. Furthermore, temperature changes and
nutrient availability influence microbial activity and reactive media stability, underscoring
the need for balanced biological activity with long-term operational stability [43,97].

The evaluation of the impact of chemical processes on the hydraulic performance
of PRBs through experiments with FeO provides valuable insight into this scientific dia-
logue [100]. Moreover, the discussion extends to metallurgical processes in PRB applica-
tions, addressing the associated operational challenges and the relevance of heterotrophic–
autotrophic denitrification coupling [101,102]. From exploring alternative carbon sources to
reducing nitrates with zero-valent nanoparticles and assessing the long-term performance
of denitrification walls, these studies offer practical and economically viable solutions
for environmental remediation [72,90,103,104]. Understanding the complexities of chem-
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ical and biological processes is crucial for designing effective strategies in groundwater
contaminant remediation, significantly contributing to advancing knowledge in this multi-
disciplinary field.

Considering these interconnected hydrological, chemical, geological, and microbi-
ological processes, the reviewed studies emphasize the need for integrated assessment
frameworks in designing and evaluating PRBs for groundwater nitrate remediation. The
dynamic interaction between these factors improves the reliability of treatment strate-
gies and underscores the importance of site-specific variability in remediation perfor-
mance [16,43,50,81,97–99].

Furthermore, while numerous studies highlight the potential and success of PRBs
in nitrate and heavy metal remediation, it is equally important to examine real-world
limitations and operational failures that have emerged in field applications. For instance,
Liang et al. [105] found that nitrate removal efficiency decreased over time due to biomass
overgrowth and carbonate precipitation, which reduced permeability and limited contam-
inant contact with reactive zones. Similarly, Grau-Martínez et al. [106] documented the
failure to fully intercept the contaminated plume, which was caused by hydrogeological
heterogeneity and insufficient pre-installation site characterization, leading to preferential
flow and bypassing. In Zhang et al. [33], the Cr(VI) removal efficiency declined as ZVI
particles became passivated, and seasonal hydraulic changes led to plume diversion, indi-
cating the importance of adaptive design strategies. Gibert et al. [107] reported unexpected
dilution from lateral water inputs due to heavy rainfall, which affected the interpretation
of nitrate removal performance, highlighting the need for continuous hydrological mon-
itoring. In the studies performed by Wen et al. [36], early operation of a PRB filled with
raw agricultural straw led to secondary pollution from nitrogen compounds and high
chromaticity, prompting the development of engineered composite materials (e.g., SCCMs)
to regulate carbon release and enhance microbial activity. Lastly, Liu et al. [108] showed that
loess-based barriers lost performance as the adsorption capacity for heavy metals reached
saturation and contaminant sources expanded beyond the PRB’s effective range. These
real-world cases underline that PRB failure often results from inadequate site assessment,
media degradation, and unanticipated external factors. This reinforces the need for mod-
ular, resilient, and site-specific PRB systems supported by long-term monitoring. These
findings emphasize that beyond laboratory efficacy, the field performance of PRBs relies
heavily on adaptable design, material stability, and continuous environmental assessment
to prevent long-term system degradation.

4.3. Comparison of PRB with Other Technologies for Groundwater Nitrate Remediation

Given their established role in groundwater remediation, PRBs, particularly those
using ZVI or enhanced with nanoscale materials, are often used as a benchmark against
which alternative or complementary technologies are evaluated. Recent studies have
explored integrated systems, innovative configurations, and competing approaches, includ-
ing electrokinetic regeneration, constructed wetlands, and non-pumping reactive wells,
providing insights into each technique’s comparative advantages, limitations, and suit-
ability. Nanoscale zero-valent iron (nZVI) has further enhanced these barriers’ reactivity
and surface area, improving nitrate reduction rates in many laboratory and pilot-scale
studies [109,110]. However, these applications are not without challenges. Issues such as
long-term clogging, limited permeability, agglomeration of nanoparticles, and potential
environmental toxicity, especially from nZVI, necessitate exploring complementary or
alternative approaches.

Several studies have sought to integrate or compare PRBs with other technologies
to enhance performance or overcome limitations. Ghaeminia and Mokhtarani [88] inves-
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tigated an integrated PRB–electrokinetic (PRB-EK) system, which regenerates saturated
activated carbon in situ and prolongs the media’s lifespan by promoting nitrate migration
via electromigration and electroosmosis. This combination effectively extended treatment
longevity from 59 to 111 h, indicating that electrokinetics can complement PRBs by rejuve-
nating reactive media and enhancing nitrate mobility within the barrier. Similarly, Alyani
et al. [111] demonstrated that coupling electrokinetics with granular activated carbon in
a PRB system can significantly enhance nitrate removal efficiency, achieving reductions
of over 90% depending on the applied voltage. Their findings underscore the relevance
of optimizing electrical parameters and system configuration. They demonstrate that
electrokinetic-assisted PRBs can outperform conventional systems, particularly in terms of
treatment duration and adaptability to variable flow conditions. Furthermore, the study
highlighted the importance of pH control and current intensity in maintaining high removal
rates without compromising water quality.

Maharjan et al. examined constructed wetlands (CWs), particularly those with tidal
flow and zeolite substrates [112]. Unlike PRBs, CWs integrate plants and microbial pro-
cesses as a passive, low-cost alternative and are particularly well suited to small rural
settings. Although CWs do not achieve the same reaction rates as chemically driven PRBs,
their sustainability and biological regeneration potential, especially for ammonium nitro-
gen, make them attractive under certain conditions. These systems function as a contrast
rather than a complement to PRBs, offering different operational and ecological advantages.

Non-pumping reactive wells (NPRWs) filled with mixtures of nZVI and carbon sub-
strates present another promising alternative, particularly for deep aquifers where tra-
ditional PRBs are impractical [104]. NPRWs serve as a functional substitute for PRBs,
enabling modular deployment at greater depths and mitigating the risks associated with
direct nanoparticle injection. Integrating chemical and biological denitrification processes
in NPRWs enhances their robustness and adaptability to varying groundwater conditions.

Pulse injections of nZVI in well-based denitrification systems (WDBs) represent a
dynamic variation of in situ treatment. Gibert et al. [107] demonstrated that combining
biostimulation (with acetate) and nZVI-assisted abiotic chemical nitrate reduction (ACNR)
resulted in greater than 99% nitrate removal, significantly outperforming either method
alone. This synergistic approach addresses the limitations of PRBs, such as reactivity loss
or microbial inhibition, and can be applied in scenarios that require rapid intervention
without the need for permanent subsurface structures.

A similar enhancement strategy was explored by Khalil et al. [113], who developed
a continuous-flow system incorporating nZVI and bimetallic nZVI-Cu. Their findings
highlighted the role of operational parameters (e.g., recirculation and Cu doping) in mit-
igating the influence of interfering substances in natural waters, showcasing potential
improvements applicable to PRBs as well.

Systematic reviews by Araújo et al. [110] and Eljamal et al. [109] underscore both the
promise and the uncertainty surrounding nZVI-based PRBs. While laboratory and pilot-
scale studies confirm their efficacy, long-term environmental and health risks, including
particle agglomeration and mobility, remain areas of concern. These reviews suggest
that the success of NZVI-PRBs hinges on factors such as stabilization methods, delivery
techniques, and site-specific hydrogeology.

More complex systems, such as sequential multi-barriers combining oxygen-releasing
compounds (ORCs), clinoptilolite, and spongy iron, offer an advanced form of PRB with
distinct functional zones for nitrification, ion exchange, and denitrification [114]. This
multibarrier design reflects a trend toward hybrid PRBs that integrate multiple removal
mechanisms, aiming to address the limitations of simpler systems. While performance was
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promising, with up to 90% ammonium nitrogen removal, challenges such as diminished
capacity over time and the need for design optimization remain.

Overall, PRBs remain a core technology in groundwater remediation; however, their
integration with electrokinetic, NPRWs, CWs, and pulse-injection systems reveals a broader
toolkit for tailored, site-specific solutions. The continued evolution of PRB design, primarily
through nanoscale materials and multi-zone configurations, suggests a future in which
hybrid and adaptive systems will play an increasingly central role.

4.4. Addressing Economic and Viability Challenges Associated with the Use of Reduced Metals in
Remediation Methods

The generation of metallic ions and pH changes present an opportunity to optimize
the PRBs employed. Detailed studies of bacterial release and iron as byproducts of nitrate
removal and assessing effects from impurities derived from limestone and other minerals
present in decontamination procedures significantly enhance their effectiveness [28,92,115]
and mitigate environmental safety implications [87,116–118].

Regarding the challenges inherent to hydrochemical, microbiological, and geochemical
processes in developing practical and sustainable strategies, environmental factors such as
temperature, fluid dynamics in aquifers, and the effectiveness of carbon sources against the
raw materials used for the PRB are noteworthy. For barriers using biological raw materials,
the variability in effectiveness depends on the contaminants, which affect water quality
and influence salinity indices [70,119–122]. Likewise, the residence time of contaminants
within the barrier depends on the raw materials [24,25,34,36,123] of the barrier and its
design [65,109,116], as well as the temperature and permeability of the barrier [85,124–126].
One factor that influences in situ measurement results is the barrier’s response to the
hydrogeological and chemical environment, as it limits contaminant capture and can yield
results that differ significantly from those of laboratory tests. Addressing these limitations
could improve the effectiveness and sustainability of PRBs in groundwater remediation.

4.5. Agricultural Industry as a Source of Materials and a Pathway for Sustainability
and Circularity

Agricultural activities are a significant source of groundwater contamination, introduc-
ing pollutants primarily through fertilizers and pesticides to maximize global crop yields.
These practices have significantly increased food production by tripling it over the past
fifty years, largely due to the extensive use of nitrogen fertilizers [36,38,127]. Besides this,
agricultural activities and their byproducts and waste can generate material that, if not
disposed of properly, can pose substantial health and environmental risks [122,128,129],
increasing the sources of pollution and problems associated with agricultural activity and
agricultural engineering.

As widely reported in the literature, denitrification, a primary process for nitrate
reduction in the vadose zone and groundwater, often faces limitations due to the scarcity
of organic carbon. However, available research has indicated that adding an organic
layer under the topsoil at point sources, like septic tank drainage fields and composting
sites, enhances nitrate removal, recognizing the effectiveness and potential use of some
agricultural residues such as pine bark, distillers’ grains, woodchips, and corncob, that
exhibits high C/N ratios and permeability [34,36,39,62,66,102,130–132]. These materials
not only offer a sustainable alternative but also exhibit high denitrification performance,
which can be further enhanced through alkaline treatment to increase the digestibility of
carbohydrates like cellulose and hemicellulose [74,131,133]. This treatment has effectively
exposed biodegradable components to bacteria, increased lignin removal efficiency, and
facilitated the breakdown of complex organic materials [132].



Hydrology 2025, 12, 98 20 of 28

The use of agro-industrial waste for biological denitrification presents a promising
method for mitigating the environmental impacts of agriculture. This strategy promotes
sustainability and circularity by repurposing agro-industrial waste as raw materials for
PRBs [25,115]. It demonstrates that these materials can release more carbon than other nat-
ural resources, such as woodchips, underscoring their potential in sustainable groundwater
remediation practices.

Finally, as depicted in Figure 11, the evolution of PRB research has demonstrated
significant advancements from its inception in the 1990s to the present day. Early devel-
opments focused on the fundamental concepts and mechanisms using ZVI to address
chlorinated solvents and heavy metals. As the research progressed into the mid-2000s, the
scope broadened to include diverse materials, such as iron sulfides and zeolites, and the
integration of biological processes, including heterotrophic–autotrophic denitrification, to
tackle a more comprehensive array of contaminants. The late 2000s brought attention to
practical challenges, emphasizing hydraulic conductivity, mineral precipitation, biofouling,
and efforts to optimize PRB design for real-world applications. The early 2010s witnessed
the introduction of advanced materials, particularly nano zero-valent iron (nZVI), which
enhanced initial reactivity and highlighted the need for stability and mass transfer solutions.
Recent developments since the mid-2010s have shifted towards sustainability and cost-
effectiveness, incorporating low-cost materials like agricultural byproducts and combining
various reactive media to enhance efficiency and longevity.
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To critically assess the diversity and performance of materials explored in the re-
cent literature, including agricultural byproducts, biodegradable polymers, and vari-
ous iron-based media, a comparative synthesis is presented in Table 3. This table high-
lights key operating conditions, nitrate removal efficiencies, byproduct formation, and
notable observations from selected studies. Including PRB-implemented systems and
potential candidates under simulated conditions allows a broader understanding of cur-
rent advances and practical challenges in designing and optimizing reactive barriers for
nitrate remediation.
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Table 3. Comparative analysis of materials for nitrate removal in PRB and related systems.

Active Material Operating
Conditions

Nitrate
Removal (%) Byproducts Key Observations PRB

Implemented References

ZVI granular
Lab column,
1.2 m depth, 25
◦C

>95% NH4+, trace
NO2

−

Effective long-term
nitrate removal with
gradual passivation

Yes [59]

Agricultural
waste + ZVI
(sawdust + corn
stalks + zeolite)

Column, 30 ◦C,
65 mg/L NO3

− >90%

NH4+ (0.02–
0.12 mg/L),
NO2

−

(0.7–2.5 mg/L)

Sawdust + corn stalks +
zeolite show stable
removal

Yes [87]

Corncob +
zeolite

Lab column,
16 ◦C, HRT
2.5–24 h

85.9–98.9% NO2
−, NH4+

transient

Corncob shows
efficient removal at
different NO3

− levels
Yes [34]

Sequential PRB
(biozone + ZVI) Column setup >95% NO2

−, NH4+

Biozone enhances
nitrate reduction prior
to ZVI

Yes [104]

nZVI + xanthan
+ mulch

Column setup,
10 days

5.7% ↑ vs.
bare nZVI Not specified

Stabilization improves
longevity and
performance

Yes [129]

mZVI + AC in
alginate

Batch tests,
pH 7

2.46× vs.
mZVI None reported

Encapsulation prevents
aggregation and
improves reactivity

Potential (not
PRB tested) [134]

Organic mix +
ZVI wire

Batch tests,
pH ~7 Up to 93.3% None reported

ZVI + rice husk/straw
improves
denitrification

Potential (not
PRB tested) [128]

PHA, PLA, PBS,
etc.

Various
(drinking water,
aquaculture,
effluent)

60–100% None reported

Solid-phase
denitrification using
biodegradable
materials

Potential (not
PRB tested) [62]

Alkali-treated
corncob, straw

Unsaturated
soil incubation,
28 days

Complete in
14–28 days

CO2, trace
NO2

−; low
N2O

Improved DOC and
lower N2O with
treated materials

Potential (not
PRB tested) [132]

ZVI with
cation/anion-
enhanced soil

Batch tests,
alkaline soil Up to 96–99%

NH4+ primary
product, some
NO2

−

Cations (Fe3
+, Cu2

+)
and citrate enhance
performance

Potential (not
PRB tested) [135]

Mixed carbon
(sawdust +
cornstalk)

Column,
ambient temp.,
15 days

>90% NO2
−, NH4+

Stable removal with
nitrite/ammonia
accumulation

Yes [136]

Biochar + ZVI +
reactive media

Pilot PRB, 1.2 m
depth ~95% Not reported

Enhanced adsorption
and reduction via
biochar synergy

Yes [81]

The compiled studies reveal a diverse range of materials tested for nitrate removal,
either as part of implemented PRBs systems or under conditions that simulate potential PRB
operation. Granular and microscale ZVI remain the most widely studied and reliable materials,
demonstrating high nitrate removal efficiencies (>95%) in column setups [59,104], though
passivation and ammonia production are recurring issues. Encapsulated ZVI systems using
calcium alginate or stabilizing agents like xanthan gum have shown improved iron utilization
and reduced aggregation [129,134], indicating strong potential for field deployment despite
requiring further validation in real PRB contexts.

Organic-based carbon substrates, such as sawdust, corncob, and straw, are effective
low-cost alternatives that support solid-phase denitrification. When combined with ZVI
(e.g., Liu et al. [34]; Kijjanapanich and Yaowakun [128]), they enhance electron availabil-
ity and nitrate reduction, though nitrite and ammonium byproducts are often reported.
Alkaline-treated residues further boost performance by increasing bioavailable carbon
and reducing N2O emissions, positioning them as promising materials for both nitrate
mitigation and greenhouse gas control [132].



Hydrology 2025, 12, 98 22 of 28

Biodegradable polymers such as PHA, PLA, PBS, and PCL [62] also offer stable
denitrification performance across various water types, with minimal byproducts and
high removal efficiency. However, high costs and slower startup phases may limit their
scalability. Meanwhile, materials like zeolite, when used in combination [83], help support
microbial attachment and control effluent quality. Guan et al. [136] and Tang et al. [135]
underscore the importance of evaluating co-contaminants and soil chemistry. They show
that factors such as ion interference and green rust formation can significantly influence
PRB longevity and nitrate conversion pathways.

While ZVI remains a cornerstone for PRB systems, its combination with biodegradable
substrates or stabilization strategies offers a pathway toward more resilient, cost-effective,
and environmentally sustainable nitrate remediation technologies.

This comprehensive overview highlights the dynamic progression and ongoing in-
novation in PRB technology, which aims to provide practical and sustainable solutions
for groundwater remediation, particularly in the context of agricultural impacts. By ad-
dressing the scientific and practical aspects of PRB implementation, this research lays the
groundwork for future, more resilient and environmentally friendly remediation strategies,
particularly in addressing and overcoming the challenges related to achieving sustainability
and circularity in the agricultural sector.

5. Conclusions
This study presents a comprehensive bibliometric and critical analysis of the global

research landscape on PRBs for groundwater remediation, focusing on nitrate removal.
Over nearly three decades, from 1995 to 2023, PRBs have undergone significant evolu-
tion in design, materials, and applications. The analysis of 141 articles highlights the
increasing integration of sustainable materials, such as agricultural residues and indus-
trial byproducts, into PRB systems, aligning with broader goals of resource efficiency and
environmental sustainability.

Mapping by specific themes and keyword co-occurrence analysis revealed that while
traditional materials like ZVI remain central, research has progressively incorporated bio-
based materials and hybrid systems to enhance performance, reduce costs, and address
site-specific constraints. Moreover, using low-cost organic materials from agricultural
activities has gained prominence. Experimental studies have shown high denitrification
rates and improved carbon release profiles, which may contribute to potential greenhouse
gas mitigation, especially when materials are pre-treated to enhance biodegradability.

The bibliometric trends indicated a noticeable decline in publication output between
2020 and 2023. However, this decline should not be interpreted as a reduced interest in
the topic. The search scope in this study was limited to documents indexed up to 2023.
The preliminary data from 2024 and 2025 suggest a resurgence in research activity. Thus,
this temporary decline was likely influenced by global disruptions related to the COVID-
19 pandemic, which may have affected laboratory work, field in situ applications, and
international collaboration. The current upward trend depicts the relevance of PRBs in
addressing water quality challenges.

Future research should further explore the long-term performance and field valida-
tion of PRBs incorporating agro-industrial waste, assess the ecotoxicological impact of
degradation byproducts, and consider context-specific factors such as climate, soil type,
and contaminant load. In addition, strengthening interdisciplinary collaboration and inte-
grating life cycle and techno-economic assessments will also be essential for scaling PRB
technologies as viable solutions for nitrate-contaminated groundwater.

Author Contributions: Conceptualization, E.D., M.D.L.A.O.D.R. and G.C.S.H.; methodology, G.C.S.H.
and M.D.L.A.O.D.R.; data curation, G.C.S.H.; writing—preparation of the original draft, G.C.S.H.;



Hydrology 2025, 12, 98 23 of 28

writing—review and editing, G.C.S.H., J.Á.-B., E.D. and M.D.L.A.O.D.R.; financing acquisition,
E.D., M.D.L.A.O.D.R. and G.C.S.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was funded by the Secretaría Nacional de Ciencia, Tecnología e Innovación de
Panamá (SENACYT) under the project number FIED19-R2-018, titled “Evaluación de Alternativas de
Tratamientos Sostenibles para remover Nitrato de Aguas Contaminadas”, and the Master of Science
in Mechanical Engineering program, VI Cohort, through the Educational Collaboration Agreement
23-2020. Additional funding was provided by the Sistema Nacional de Investigación (SNI).

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Acknowledgments: The authors thank the Secretaría Nacional de Ciencia, Tecnología e Innovación
(SENACYT) of the Republic of Panama, for its commitment and financial support towards the project.
Special thanks are also due to the Master of Science in Mechanical Engineering program at the Faculty
of Mechanical Engineering of the Universidad Tecnológica de Panamá. We further acknowledge
the support of the Centro de Estudios Multidisciplinarios en Ciencias, Ingeniería y Tecnología AIP
(CEMCIT-AIP) and the National Research System (Sistema Nacional de Investigación, SNI) of the
Republic of Panama. Finally, we extend our gratitude to the Biosolids Laboratory at the Centro de
Investigaciones Hidráulicas e Hidrotécnicas (CIHH) of the Universidad Tecnológica de Panamá for
all the support provided during the development of this research.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Fernández-López, J.A.; Alacid, M.; Obón, J.M.; Martínez-Vives, R.; Angosto, J.M. Nitrate-Polluted Waterbodies Remediation:

Global Insights into Treatments for Compliance. Appl. Sci. 2023, 13, 4154. [CrossRef]
2. United Nations. Informe Mundial De Las Naciones Unidas Sobre El Desarrollo De Los Recursos Hídricos 2023: Alianzas y Cooperación

Por El Agua; UNESCO: Paris, France; United Nations: Paris, France, 2023; ISBN 978-92-3-300212-8.
3. Davamani, V.; John, J.E.; Poornachandhra, C.; Gopalakrishnan, B.; Arulmani, S.; Parameswari, E.; Santhosh, A.; Srinivasulu, A.;

Lal, A.; Naidu, R. A Critical Review of Climate Change Impacts on Groundwater Resources: A Focus on the Current Status,
Future Possibilities, and Role of Simulation Models. Atmosphere 2024, 15, 122. [CrossRef]

4. Abascal, E.; Gómez-Coma, L.; Ortiz, I.; Ortiz, A. Global Diagnosis of Nitrate Pollution in Groundwater and Review of Removal
Technologies. Sci. Total Environ. 2022, 810, 152233. [CrossRef]

5. Saleem, S.; Levison, J.; Parker, B.; Martin, R.; Persaud, E. Impacts of Climate Change and Different Crop Rotation Scenarios on
Groundwater Nitrate Concentrations in a Sandy Aquifer. Sustainability 2020, 12, 1153. [CrossRef]

6. Banerjee, A.; Creedon, L.; Jones, N.; Gill, L.; Gharbia, S. Dynamic Groundwater Contamination Vulnerability Assessment
Techniques: A Systematic Review. Hydrology 2023, 10, 182. [CrossRef]

7. Huno, S.K.M.; Rene, E.R.; van Hullebusch, E.D.; Annachhatre, A.P. Nitrate Removal from Groundwater: A Review of Natural
and Engineered Processes. J. Water Supply Res. Technol. AQUA 2018, 67, 885–902. [CrossRef]

8. Xin, J.; Wang, Y.; Shen, Z.; Liu, Y.; Wang, H.; Zheng, X. Critical Review of Measures and Decision Support Tools for Groundwater
Nitrate Management: A Surface-to-Groundwater Profile Perspective. J. Hydrol. 2021, 598, 126386. [CrossRef]

9. Gani, A.; Hussain, A.; Pathak, S.; Omar, P.J. Analysing Heavy Metal Contamination in Groundwater in the Vicinity of Mumbai’s
Landfill Sites: An In-Depth Study. Top. Catal. 2024, 67, 1009–1023. [CrossRef]

10. Singh, V. Water Pollution. In Textbook of Environment and Ecology; Singh, V., Ed.; Springer: Singapore, 2024; pp. 253–266. ISBN
978-981-99-8846-4.

11. ONU. Objetivos y Metas de Desarrollo Sostenible—Desarrollo Sostenible. Available online: https://www.un.org/
sustainabledevelopment/es/objetivos-de-desarrollo-sostenible/ (accessed on 24 June 2021).

12. Budania, R.; Dangayach, S. A Comprehensive Review on Permeable Reactive Barrier for the Remediation of Groundwater
Contamination. J. Environ. Manag. 2023, 332, 117343. [CrossRef]

13. Siarkos, I.; Mallios, Z.; Latinopoulos, P. An Integrated Framework to Assess the Environmental and Economic Impact of Fertilizer
Restrictions in a Nitrate-Contaminated Aquifer. Hydrology 2024, 11, 8. [CrossRef]

14. Gibert, O.; Pomierny, S.; Rowe, I.; Kalin, R.M. Selection of Organic Substrates as Potential Reactive Materials for Use in a
Denitrification Permeable Reactive Barrier (PRB). Bioresour. Technol. 2008, 99, 7587–7596. [CrossRef] [PubMed]

https://doi.org/10.3390/app13074154
https://doi.org/10.3390/atmos15010122
https://doi.org/10.1016/j.scitotenv.2021.152233
https://doi.org/10.3390/su12031153
https://doi.org/10.3390/hydrology10090182
https://doi.org/10.2166/aqua.2018.194
https://doi.org/10.1016/j.jhydrol.2021.126386
https://doi.org/10.1007/s11244-024-01955-3
https://www.un.org/sustainabledevelopment/es/objetivos-de-desarrollo-sostenible/
https://www.un.org/sustainabledevelopment/es/objetivos-de-desarrollo-sostenible/
https://doi.org/10.1016/j.jenvman.2023.117343
https://doi.org/10.3390/hydrology11010008
https://doi.org/10.1016/j.biortech.2008.02.012
https://www.ncbi.nlm.nih.gov/pubmed/18353637


Hydrology 2025, 12, 98 24 of 28

15. Zhao, Q.; Li, F.; Zhu, A.; Zhang, X.; Chen, H.; Sun, T. Risk Assessment of Nitrate Pollution in the Shallow Groundwater of the
Mihe Alluvial–Diluvial Fan Based on a DEA Model. Water 2022, 14, 1360. [CrossRef]
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