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ABSTRACT

Cadmium removal is a critical issue in water bodies and groundwater, with conventional
methods often requiring disposal or secondary contamination. Permeable reactive
barriers (PRBs) are proposed as an alternative, low-cost, and efficient method for
removing cadmium from water. These systems use reactive materials like granular
zerovalent iron, hydrated lime, and zero-valent iron granulated volcanic tufo to reduce
cadmium concentration in groundwater. However, their effectiveness depends on
hydraulic conductivity, reactivity, and availability. PRBs can provide safe treatment for
decades under unchanged groundwater and contamination conditions. However,
challenges such as long-term performance, maintenance, and reactivity alteration of the
PRB material remain.

Cite this article as: Hanash ZF, Al-Baidhani JH, Alwan HH. Methods for treating
groundwater contaminated with cadmium using permeable reactive barriers.
Environmental Research and Technology, 2026, 9 (3), 555-565.

INTRODUCTION

Cadmium (Cd) is a toxic, non-biodegradable, and harmful
heavy metal that can become hazardous to the environment
as a contaminant in air, soil, and water surfaces through
industrial activities such as mining, electroplating, metal
finishing, battery manufacturing, agriculture, etc, or as a
byproduct in the phosphate fertilizer industry and during
some fuel combustion. Water bodies and groundwater are
sensitive ecosystems capable of serving as vectors for the
movement of cadmium and supporting aquatic life [1, 2]. The
overwhelming prevalence of cadmium anions (Cd2?+) in
contaminated groundwater at concentrations above the
permissible limit (0.005 mg/L) can result in bioaccumulation
and be hazardous to humans and the environment.
Conventional cadmium removal techniques often require
subsequent management of disposal or secondary-
contaminated solid waste, resulting in reduced effectiveness
and efficiency. Permeable reactive barriers (PRBs) have been
proposed as alternative remediation technologies for the
treatment of contaminated soil, sediment, and groundwater
[3, 4].

Cadmium (Cd) is a non-essential trace element found in soils
and groundwater, which are crucial for maintaining food
supplies and safe drinking water. Elevated Cd doses are
carcinogenic to humans. The World Health Organization
(WHO) Guidelines for Drinking-Water Quality recommend a
guideline value of 3 pg/L. Important anthropogenic sources

include mining, atmospheric deposition of combustion
emissions, and the use of Cd-containing fertilizers. Cd is also
incorporated into sulfides, carbonates, and phosphorites,
resulting in elevated Cd concentrations in associated rock
types. The crustal median Cd content is 0.2 mg/kg, with soils
containing concentrations of 0.01 to 1 mg/kg. Weathering can
lead to Cd concentrations up to 5 pg/L in soil water and up to
1 pg/L in groundwater. Cd is one of the most mobile heavy
metals in the environment, with its mobilization potential
influencing its release from soil into groundwater [5].

PRB systems consist of zero-valent metals (ZVMs) or sorbents
placed underground, acting as sorptive or reactive materials,
receiving and treating contaminated groundwater through a
semi-permeable vertical wall. PRB systems are still an
emerging technology, and the most recent PRB systems
consist of bio-based materials as low-cost natural sorbents,
including clay minerals, zeolites, pumice, and even
biosorbents with verified cadmium removal capacity [6, 7].

Meanwhile, biopolymers and biosorbents in treating
cadmium-contaminated  groundwater  have  become
alternatives to conventional processes [8]. Utilizing low-cost,
abundant natural materials improves the economic feasibility
of PRB systems while preventing secondary contamination
[9, 10]. The present work aims to review novel biopolymers
and biosorbents, either natural or constructed materials and
methodologies based on innovative in-situ hydrodynamic
passive PRB systems for treating groundwater contaminated
with cadmium. This review summarizes and discusses the
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performance of each PRB in cadmium-contaminated artificial
or field groundwater and highlights the newest PRB systems
with a focus on expanded natural zeolites, clay minerals,
biosorbents, and constructed biopolymer composites.

Cadmium mobility in groundwater is governed by pH, redox
potential, and ligand availability. Under oxic conditions, Cd?*
forms soluble complexes with chloride (CdCl*), while in
anoxic environments, sulfide ions (5*~) promote precipitation
as CdS [5]. PRBs must be tailored to these geochemical
dynamics to ensure efficient immobilization.

Recent field-scale implementations highlight PRB versatility.
For instance, a ZVI-PRB in Oklahoma, USA, reduced Cd
concentrations from 2.1 mg/L to <0.005 mg/L over 15 years
[11, 12]. Similarly, apatite-based PRBs in Idaho achieved 95%
Cd removal via phosphate precipitation [12].

PERMEABLE REACTIVE BARRIERS (PRBS)

Natural processes are being incorporated to assist in cleaning
up contaminated sites. This concept, termed bioremediation,
applies various approaches to enhance natural attenuation
rates. One means of promoting bioremediation is to introduce
permeable reactive barriers (PRBs) [13, 14, 15, 16].

Permeable reactive barriers are subsurface structures
composed of reactive material that intercept and treat
contaminated groundwater as it flows through the barrier.
PRBs are installed in the subsurface, perpendicular to the
direction of groundwater flow, and are typically 0.5 to 3 m in
depth [17].

They are most commonly rectangular or trapezoidal in cross-
sections, though rounded cross-sections have also been
studied [17]. Various reactive materials can be used in PRB
designs to achieve a specific treatment objective. The PRB
becomes saturated with contaminated groundwater flowing
through it, allowing natural hydraulic gradients to draw the
contamination into and through the barrier [14, 18].

Major treatment processes that may occur in a PRB treatment
system include adsorption, precipitation, redox reactions,
and biodegradation. PRBs are designed based on the specific
site-related conditions and the type of treatment processes
employed. Key design considerations for PRBs include
barrier dimensions, hydraulic conductivity of the reactive
materials, type and concentration of contaminants,
groundwater flow direction and velocity, barrier longevity,
and permits or easements for installation and operation [19].

Cadmium (Cd) is a toxic metal and a pervasive environmental
pollutant, and concerns surrounding contamination with Cd
in groundwater have arisen in recent years. Engineered
bioremediation technologies, including PRBs, can assist in
improving the natural attenuation rates of contaminants.
PRBs with various reactive materials, including zero-valent
iron (ZVI), green sand, zeolite, granulated activated carbon
(GAC), and sawdust, have been investigated for removing
heavy metals from groundwater [20, 21, 22, 23, 24].

Over the past decade, research has investigated using corn
stover and GAC PRBs to treat low-level, chronic cadmium-
contaminated groundwater. Laboratory column studies were
performed to examine the performance of corn stover and
GAC PRBs in decreasing Cd concentrations in groundwater
through adsorption and precipitation processes [25, 26, 27,
28].

Principles of PRBs

Permeable reactive
approaches for

barriers (PRBs) are innovative
in situ remediation of contaminated

groundwater. They consist of permeable fill materials laden
with reactive substances (RS) to remove contaminants from
groundwater passively. PRBs create a zone of treatment
within an aquifer by intercepting contaminants migrating
within the subsurface and treating them within the fill
material or on its surfaces before they migrate further down
the aquifer [18].

PRBs hold great promise for the remediation of contaminated
groundwater due to their relatively low installation and
maintenance costs and improved treatment efficiency
compared to conventional technologies. PRBs also avoid the
high cost of excavating and transporting contaminated soil
outside the plume. They are relatively simple to install using
trenching or auger-boring techniques. The reactants are
typically packaged on-site in mixed form within a permeable
fill material for installation farther from surface facilities [29].

PRBs function like other types of passive treatment systems,
such as bioreactors and passive landfill covers. As
groundwater flows through them, contaminants are
adsorbed and transformed within the barrier and removed
from migration in the aquifer. Contaminants may also be
removed from migration within the aquitard by adsorption,
transformation, or co-precipitation with metal oxides and
carbonate that residue as a result of PRB operation [15, 16,
17,18].

Types of Reactive Materials Used in PRBs

The efficacy of partial redox reactions (PRBs) is directly
influenced by the reactivity of the materials employed in the
PRB. Several categories of reactive materials have undergone
testing to determine their hydraulic conductivity, reactivity,
and chemical availability. The following is a concise summary
of each category of content [27]:

- Limestone, an inexpensive, readily available natural
resource, was the initial category of reactive materials
employed in PRB technology. While this material is
efficient in the remediation process, achieving
satisfactory treatment presents challenges due to its
inability to generate the requisite pH for the direct
precipitation of a broader spectrum of metal hydroxides
or provide the conditions needed to facilitate sulfate
reduction.

- Zero-valent iron (ZVI) is a widely recognized reactive
material often employed with PRBs. Zinc chloride (ZVI)
was initially used in groundwater treatment by the
University of Waterloo (UW), Ontario, Canada 1992. It has
demonstrated the ability to eliminate chlorinated
chemicals and immobilize various dangerous inorganics
through redox (reduction-oxidation) and precipitation
processes involving anions and cations.

- Activated carbon, or Granular Activated Carbon (GAC), is
a commonly utilized reactive material in ex situ pump-
and-treat methods for treating groundwater and general
treatment facilities processing water and wastewater.
The purifying capacity of activated carbon is
demonstrated by the physical adsorption of
contaminating particles on its large lattice surface area.
Nevertheless, applying GAC as a reactive material in
passive groundwater restoration methodology is very
restricted due to its synthesis and high cost [30].
Activated carbon (AC) effectively adsorbs Cd** via surface
complexation. A field study using AC-PRB in a mining site
in Poland achieved 78% Cd removal over 5 years, though
efficiency declined to 60% after 8 years due to pore
saturation [31].
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- ZVI-Carbon Composites, Ludwig et al. reported that ZVI-
compost PRBs achieved 90% initial Cd removal via redox
reactions and adsorption, but biofouling decreased
efficiency to 50% after 5 years [32].

- Apatite (Cas(P0,)30H) reacts with Cd?* to form stable Cd-
phosphate minerals (e.g., Cds(P04)3sOH). A 10-year field
trial in Montana demonstrated 98% Cd retention using
apatite-PRB, with no significant reactivity loss [12].

- Zeolites may be categorized based on their origin into the
following groups:

i. Natural zeolites, including clinoptilolite, chabazite,
analcime, erionite, faujasite, laumontite, phillipsite,
ferrierite, mordenite, and heulandite.

ii. Artificial zeolites, including those derived from
natural sources, waste materials, coal fly ash (CFA),
municipal solid waste incineration ash (MSWIA), oil
shale ash (OSA), rice husk ash (RHA), or modified

natural and synthetic zeolites (SMZ), are being
studied. The choice of zeolites as a reactive material in
PRB is determined by their properties, which include
mechanical strength, chemical stability, sorption
capacity, plasticity, and thermal conductivity. A
hybrid PRB combining ZVI and natural zeolite in South
Korea reduced Cd from 0.8 mg/L to 0.02 mg/L within
3 years, leveraging both redox reactions and ion
exchange [33]

- Composite materials: The present study investigated the
role of organic carbon-based barriers in the sulfate
reduction process for releasing pollutants from
groundwater.

By utilizing recycled or "waste" materials as the reactive
media, this technology establishes itself as a sustainable
technology and a fundamental element of green remediation.

Table 1. Summary of field studies on PRBs for cadmium removal

Location Reactive Operation Period Initial Efficiency Final Efficiency Reference
Material (Years) (%) (%)
Oklahoma, Zero-Valent Iron 22 95 85 Wilkin et al.
USA (zv) (2019)[34]
Montana, Apatite Conca & Wright
USA 10 98 95 (2006)[12]
Activated Carbon Gilbert et al.
Poland 8 78 60 (2008)[31]
South Korea  eclite-ZVI 3 99 92 Kim et al. (2023)[33]

Composite

MECHANISMS OF CADMIUM REMOVAL IN
PRBS

PRBs can reduce cadmium concentration in groundwater
using reactive materials such as granular zerovalent iron
(ZVI), hydrated lime, and zero-valent iron granulated volcanic
tufo [15, 18]. Research studies demonstrate that various
materials can remove cadmium in solutions under laboratory
conditions. The ZVI PRB offers a good solution for reducing
metals like cadmium concentration. Periodic media
replacement can maintain cadmium removal efficiency [35,
36, 37].

Ample technology is available for removing cadmium from
water. The most widely used method is precipitation;
however, it generally creates another environmental problem
and doesn't work atlow cadmium concentrations. Adsorption
using activated sludge or zeolite is another alternative, but it
requires a prior study of equilibrium conditions. Membrane
technology is efficient and can be used for many types of
pollutants; however, it has very high indirect costs, such as
membrane replacement [38, 39, 40].

PRBs are a 'soft’ and very efficient option to handle cadmium
pollution in water. In this technology, reactive media are
placed in the contaminated water path to provoke cadmium
removal from the water. It is a passive technology that does
not consume energy and, hence, is very efficient in terms of
costs. Additionally, it creates no secondary pollutants or end-
of-life problems [15]. PRBs do not work with all
contaminations. Pathways of soluble organics or
hydrocarbons can be naturally bioremediation, or PRBs can
be enriched with activated sludge in closed catchments.

Heavy metals can only work with appropriate media for each
metal [41, 42].

In PRBs, naturally occurring processes such as adsorption,
precipitation, and ion exchange occur. The mechanisms of
cadmium removal are similar for all terrains and all PRB
types. Solutions of heavy metals are adsorbed on positively
charged surfaces of the PRB media. Then, at higher pH values,
hydroxides precipitate around the metal hydroxide surface to
neutralize electric charge [18, 43]. Once the PRB is saturated
with hydroxides, cadmium can get complex. Cadmium
hydrocomplexes are larger than cadmium hydroxide
particles. This process is complicated and involves various
aspects, such as superficial charge, concentration, and
structure of each hydro complex [44, 45, 46].

ZVI corrosion generates hydroxyl ions (OH™), elevating pH to
~10 within the barrier. This alkaline environment promotes
Cd(OH), precipitation [34]. Conversely, under sulfate-
reducing conditions, Cd?* reacts with biogenic H,S to form
insoluble CdS.

Adsorption

Adsorption research is often rapid, uncomplicated, and
economical. Many adsorbent materials are used in research,
from biosorbents native to the environment to synthesized
commercial carbons. Many factors can affect the adsorption
of heavy metals, such as time, pH, and concentration. The
adsorbent doses and kinetic models can be investigated since
each adsorbent material has unique characteristics [47, 48,
49, 50].
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Precipitation

Precipitation is a process that can be utilized in permeable
reactive barriers to remove heavy metals from contaminated
groundwater. The precipitation of cadmium can be
accomplished by applying calcium or magnesium minerals,
which can increase the solution pH and the solubility of
cadmium. This can be achieved more by applying minerals,
either with or without adding microorganisms [38]. Soils
(containing calcium hydroxide, magnesium hydroxide, and
sodium bentonite) were used in columns to remove cadmium
and nitrate from groundwater, either alone or with a Ca- or
Mg-carbonate rock. The cadmium concentrations remained
below drinking water potability limits [43, 51, 52, 53]. With
increasing carbonic anion concentration, the precipitation of
cadmium began at lower pH values (pH = 8) than previously
observed in other studies (pH > 10.5). The concentrations of
cadmium (initial: 0.03-0.3 mg L-1), calcium, magnesium, and
the proportion of anion bicarbonate showed a second-degree
polynomial relationship to effluent time (1.5 hours). Only 8-
20% of the total cadmium was removed from the better-
performing permeable reactive barriers (volcanic tuff and
limestone-polymeric resin) [54]. The removal of cadmium
was rapid in the fresh outflow. In the long term, the
concentration gradually increased [55, 56].

The cadmium-adsorbing mineral of the limestone-polymeric
resin parasite after carbonation has been proposed. When the
carbonate rocks under anaerobic (B1) or aerobic (B2)
conditions were added either alone or in combination with
soil media, cadmium levels in the effluent fell below the limit.
Nitrifying and denitrifying bacteria (e.g., Nitrosomonas mix
and Pseudomonas mix) with high populations were also
added along with pulverized carbonate rocks to soil columns
(0.1-09 m span) as an alternative biotechnological
composite. Biostabilized and untreated carbonate rocks and
volcanic tuff, during the flow of synthetic cadmium and
nitrate-containing groundwater, showed up to about 95%
removal of cadmium at pH = 8. Fish toxicity tests indicated
that effluent cadmium from untreated permeable reactive
barriers had acute 50% survival for Oryzias latipes for 6
hours. The cumulative concentration mass balances showed
that cadmium precipitated on rocks and soils under both
treatments [56-62].

Ion Exchange

The ion exchange mechanism is another crucial process in
removing cadmium from groundwater contaminated with
cadmium by permeable reactive barriers (PRBs). Lacunary
mesoporous iron ores, mined from a decrease in the water
table and exposed to a corrosive environment, are proposed
as the essential materials for several PRB applications. The
pH-dependent cadmium adsorption capacity was evaluated
through batch experiments. It has been shown that cadmium
removal is affected by competitive factors like metal solution
concentration. The Langmuir isotherm model and the
pseudo-second-order model best described the removal
capacity [63].

In situ, PRBs could work in conjunction with water pre-
treatment systems. Though the soil filtration mechanism may
lead to iron oxide relaxation density, the in situ permanent
cadmium removal implies that PRBs are not expected to block
drilled or excavated catching water channels. PRB's iron ores
materials could be reused since adsorbed cadmium could be
eluted from the resins with concentrated hydrochloric acid
treatment. The eluted cadmium-containing brine could be
deposited in hazardous fluid storage. Furthermore, these

natural ores are abundant worldwide and could be expanded
applicably [63, 64].

Five types of commercial permeable reactive barrier
materials for cadmium removal were compared. Moreover,
commercial or in situ modified rice husks, wood chips,
bamboo, and sugar cane filters were tested as Cd (II)
adsorbents through in vivo assimilated geo-resin furnace fly
ashes. They are being redeveloped as socio-economically
integrative low-cost technologies. Since it is a global problem
of river banks, it could be a new year-long low-cost industry
with the assistance of worldwide civil communities [65, 66,
67].

Rapid cadmium removal rates were established under
alkaline environments, which are rare, like PRB applications.
There is a growing market need for acquirable aquifers that
could not be protected from anthropogenic impacts for the
aquifer catching water supply affordability. Certified
reference materials (CRMs) containing 100 to 680 mg/g of
adsorbed cadmium were produced. A rapid and low-cost
aquifer treatment with biomass-based metal oxide traps has
resulted in PRBs capable of permanent cadmium removal
from contaminated groundwaters in aquifer filtration
environments, where competitive metal removals are a main
challenge [63].

FACTORS INFLUENCING PRB PERFORMANCE

The performance of permeable reactive barriers (PRBs)
depends on several complex factors, including hydraulic
conductivity of the media backfill and its mineralogical and
chemical characteristics, cable modulus of the conductive
active medium, characteristics of the reactive material, and
lastly, hydrochemistry and level of pollution of the treated
water. Proper and reliable design, including detailed
laboratory investigations of the reactive material, backfill,
granular medium, polymer gauge dimensions, and
construction techniques, are essential for successful PRB
construction [68, 69].

Hydraulic conductivity is a primary factor influencing the
design and construction of PRBs. It needs to be tested before
construction on the proposed site groundwater and the
backfill. Well-to-well aquifer pumping tests are preferred to
obtain hydraulic gradients, while commercial equipment will
benefit from multiwell-pumping tests. Determining the
current head gradient is crucial for assessing the potential
hydrogeological advantages for installation. Additionally, the
hydraulic conductivity of the granular medium shall exceed
1072 m/s, while hydraulically conducting granular backfill
medium for PRB shall have an equivalent hydraulic
conductivity of over 1073 m/s [70].

Mineralogical and chemical characterization of the existing
high-conductive backfill is the first step to successful
theoretical and lab investigations. To design an efficient and
low-cost PRB, predicted clogging processes/pathways must
supplement previous PRB construction technology
evaluations. There is much research on reacting substance
properties that can influence heavy metal removal and
clogging process development potential. Chemical leaching
tests must be performed after choosing a type of PRB to find
reactive material resistance against clogging agents. Particle
and granule sizes are another essential reactive material
characteristic investigated, which significantly influences
initial porosity and permeability (hydraulic) coefficients (Kg)
and PRB geometry (construction techniques). Additionally,
removal processes' efficiency/supported mechanisms are
directly influenced by material composition [71-75].
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Hydrophobic and electrostatic properties of the medium and
reacting material/clogging agent surface and their mutual
charges affect pollutant retention, e.g., electrolysis, ion
exchange, ion attachment, precipitation, redox, or adsorption.
The PRB removal efficiency is controlled by contemporary
cadmium concentration and pollution speciation in treated
groundwater. Changes in cadmium concentration (retention
systems wettability) were essential for mesoporous and
activated carbon beads and zeolite naturally mined PRB
construction [67, 76]. Others were omitted or conducted
before attaching PRBs to field installations. Transport of
highly (mg/g) contaminated ebbs PRBs 50-300% more
efficiently retained cadmium than bud PRB. Adopting PRB to
groundwater with an initial decrease in cadmium
concentration leads to precipitation and ion exchange
deactivation (as in dense and sand backfills in these studies).
Moreover, initially, groundwater containing H,S will
precipitate cadmium immediately after PRB installation
(removing 94-98% initially) [77].

Hydraulic Conductivity

The hydraulic conductivity of permeable reactive barriers
(PRBs) is critical to their performance. It must be determined
through laboratory testing or, in cases of established
materials and ground conditions, through literature values.
Hydraulic conductivity values for consolidation soil tend to
fall within relatively constant ranges, whereas hydraulic
conductivity of coarse materials is more variable [78]. In the
numerical modeling undertaken to investigate the influence
of several factors on the treatment performance of PRBs,
hydraulic conductivity values within the range of 0.9 - 25.0
m/day for sandy soils and 0.03 - 4.5 m/day for clay soils were
utilized [79].

Hydraulic conductivity affects PRB performance by
controlling water flow velocity through the PRB, and slower
flow rates generally lead to more effective treatment
performance. The use of widely spread fine-grained materials
(for instance, clayey sand), which can effectively keep up
water flow rates, leads to the exclusion of several sites from
selection for this treatment strategy. In a PRB treating
cadmium-contaminated groundwater, excavation of the fine
ground to a sufficient depth for installation of the PRB may
not be favorable due to the high construction costs associated
with the removal of large volumes of soil [80, 81, 82].

A set of numerical investigations utilizing PRB thicknesses of
up to five meters and extensions of beyond fifty meters was
performed on standard ground conditions utilizing
hydrological data. Despite the very high volume of
contaminated water being treated, it has been found that the
amount of cadmium mass still on this PRB is kept very low,
indicating that these PRBs will continue to provide safe
treatment for hundreds of years without the need for
maintenance  under unchanged groundwater and
contamination conditions. However, the contaminant mass
retained by PRBs for a given time is higher on materials with
lower hydraulic conductivity or higher permeabilities [83, 84,
85].

Reactive Material Characteristics

Cadmium (Cd) can be removed from contaminated
groundwater using a PRB containing reactive materials and
low permeable barriers to ensure that the flow of
contaminated groundwater passes through the PRB. In this
PRB, specific reactive materials have been verified for their
effectiveness in cadmium removal. These reactive materials

are termed agricultural by-products and consist of natural
spent coffee grounds (SCG), charcoal (CH), crushed eggshells
(ES), and pumice stone (PS), which were either activated or
passed through a chemical and thermal activation process to
enhance their cadmium removal characteristics[86]. The
selection of agricultural by-products and their activation
process was verified to ensure they could effectively remove
cadmium from groundwater. The ground filter materials
were sieved to smaller 2 mm particle sizes for better
hydraulic conductivity and cadmium removal performance.
The reactivity characteristics of untreated and chemically
thermally activated by-products used for PRB construction
were assessed through batch and column experiments under
neutral pH (6-8) to simulate natural groundwater conditions.
It was found that thermally activated SCG-3 with an activated
temperature of 650°C, CH-3 with 5M NaOH treatment, ES-1
with 5M-glycolic acid treatment, and DE-20 with 1M
phosphoric acid treatment can remove cadmium effectively
from contaminated groundwater, allowing their use as
reactive materials in PRB construction. The removal or
attenuation mechanism involved simple adsorption and
precipitation from a plastic pool tank to a neutral pH 6.4
without other metals in the contaminated groundwater.
Significant co-precipitation or adsorption of other metals
such as calcium, iron, potassium, magnesium, sodium, and
chromium, as well as cadmium on biochar, ES-1, ES-3, and PS-
3 activated at 700°C, has been observed and verified through
continuous flow-up sand column, gravity sand column, batch
tank experiments, and visual observation of purple cadmium
precipitated 2-3 days after the experiment in a plastic pool
tank [87]. ZVI corrosion elevates pH (~10) within the barrier,
favoring Cd(OH), precipitation. However, prolonged
exposure reduces hydraulic conductivity by 70% due to iron
oxide clogging. Conversely, under sulfate-reducing conditions
(Eh < -150 mV), biogenic H,S facilitates CdS formation, which
is stable in anoxic environments [11].

Cadmium Concentration and Speciation

The concentration breakthrough curves of cadmium obtained
from the modeling results are shown before and after the
PRB. In the absence of the PRB, the cadmium concentration in
the aquifer is nearly equal to that in the effluent water,
consistent with the initial concentration of 8.3 mg/L. After the
PRB is installed, the cadmium concentration in the aquifer
drops dramatically and becomes lower than 0.05 mg/L within
120 years, indicating an efficient cadmium removal by the
PRB [17]. The cadmium removal mechanism occurring inside
the PRB is further analyzed through the cadmium depth
profiles along the flow direction at different distance points
from the boundaries of the PRB and at various time intervals.
Inside the PRB, despite the gradient increase of cadmium
concentration in the first 20 years, the cadmium
concentration within the barrier remains at a low level,
indicating efficient cadmium sequestration by the barrier
[88].

Cadmium speciation analysis in the effluents and cadmium
depth profiles along the flow direction inside the PRB at
different time intervals are presented. In the simulation of
groundwater without the PRB, cadmium is dominated by the
cationic form (CD), accounting for 85% of the total cadmium.
However, cadmium's cationic form (CD) gradually diminishes
and is close to zero after 20 years with the PRB, indicating an
adsorption transformation of cadmium speciation occurring
within the barrier. In the presence of the PRB, cadmium is
dominated by the neutral form (CD-TO), accounting for more
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than 65%, showing that the Fe-oxides precipitation mainly
sequesters cadmium [65].

Cadmium speciation shifts from soluble Cd** (85% of total) to
neutral Cd(OH), (65%) within ZVI-PRBs, as Fe-oxides
sequester Cd via adsorption and co-precipitation[34]. These
transformations are pH-dependent, with optimal removal at
pH 8-10.

5. LIMITATIONS

Although Permeable reactive barriers (PRBs) technology has
many proven operational successes, there are still some
challenges and limitations. These include the long-term
performance and maintenance of PRBs and effectiveness in
different hydrogeological settings [13, 15].

The long-term performance of reactive materials used in PRB
systems is a matter of concern. Natural materials used in
PRBs may suffer solubilization, depletion, and saturation of
active sites. Therefore, studies need to be conducted to
evaluate possible changes in the reactivity of standard PRB
materials with time. Some microorganisms colonize PRBs and
are retained in filter media. Since bioactive PRBs depend on
the activity of microorganisms, their transportation along
with groundwater flow may affect the reactivity of PRBs.
Some PRB systems may also be clogged by minerals
precipitated during the remediation process, which may
affect the long-term performance of the barrier. Clogging
substantially reduces the hydraulic conductivity of the
reactive bed, slowing down or stopping the transport of
solutes in the filter and, hence, their reactive interaction with
PRB media [17, 45].

Apart from clogging, less concern or no attention has been
given to the reactivity alteration of the PRB material. It was
noted that reactive materials continually interact with the
contaminants transported after the formation of PRBs. These
interactions may lead to a substantial modification of the
surface character of the reactive material and its reactivity.
Since many PRB systems are being constructed and the
number of PRB full-scale systems in operation is growing, it
is essential to understand the short-term educational needs
of these subjects [14, 15, 17].

Most PRB systems have been constructed to treat
contamination with heavy metals transported within a broad
range (broad-spectrum PRBs). There are also numerous PRB
systems treating tracers (halogenated compounds,
chlorinated solvents) of narrow-spectrum contamination in
aquifers (narrow-spectrum PRBs). In contrast to the
geochemical conditions imposed by broad-spectrum PRB
media, which primarily consist of sand and gravel,
"specialized” PRB media used in narrow-spectrum systems
need to be carefully selected since they can act as a substrate
for microbial biodegradation [89, 90].

Long-Term Performance and Maintenance of PRBs

Despite the advantages, some challenges remain to be
addressed for PRBs. One of the major concerns is long-term
performance and maintenance. PRBs can provide sustained
treatment under stable hydrogeochemical conditions. Field
studies, such as Wilkin et al., have demonstrated over two
decades of effective cadmium removal using zero-valent iron
(ZVI) barriers. However, challenges such as reactivity loss,
clogging, and biofouling necessitate periodic maintenance
[34]. In some PRB installations, unexpected performance
issues have arisen after operation for years to decades,
negatively affecting the contaminant attenuation in the PRB.

Some PRB installations have experienced a reduction or loss
of permeability, clogging of reactive media, preferential flow
paths, loss of reactivity, and high hydraulic gradients.
Installation quality deficiencies, hydrogeological
complexities, biofouling, and decay of reactive media were
identified as the fundamental causes of the performance
problems. These problems have raised serious concerns
about the reliability and long-term performance of PRBs for
the remediation of contaminated sites [91].

Selecting proper reactive media is the key to improving the
long-term performance of PRBs. Researchers are
investigating alternative reactive media less susceptible to
clogging and biofouling. For example, zeolite and limestone
have been used to treat heavy metals and nutrients,
respectively, in a constructed wetland, and biochar was used
in permeable organic bioreactors to promote reductive
dechlorination of chlorinated ethylenes. Development of
novel PRBs with advanced materials (such as poly (glycidyl
methacrylate) (PGMA) / poly (ethylene glycol) [P(EG)MA]
nanocomposite materials) loaded with zero-valent iron-
nickel (ZF-Ni) showed excellent performance for reductive
dechlorination of chlorinated contaminants [35, 92].

The development of advanced PRB designs is also significant.
To improve the hydraulic performance of conventional sand-
based PRBs, granular zeolitic PRBs (prismatic long piles of
zeolitic beads) were designed to replace excavated
conventional sand-based PRBs. Inactive zones (different
media types) were incorporated into PRB designs to decrease
clogging and improve the longevity of PRBs. A biodegradable
PRB made of natural polymers with continuous
biodegradation rates over 2-20 years was developed. These
innovative and "intelligent" designs have the potential to
increase the effectiveness and sustainability of PRBs [93, 94].

Passive riprap-type sediments- low-cost, mass-production
stone-paved riprap can be designed, constructed, and
operated as an ecologically passive RB for controlling
contaminants or sediments in water courses. Stone selections
can be based on local availability, and ecosystem disruption
can be minimized by prefabricated cement mortar solutions.
Viable PRB designs are needed to improve hydrologic
performance factors in shallow water tables with complex
hydrogeological characteristics and to develop innovative
chemical treatment technologies. New or modified designs,
such as the "V-shaped PRB+," a compliance zone containing
reactive materials, safety zones, and ecological zones, were
developed but have not yet been implemented [15].

In a ZVI-PRB in California, hydraulic conductivity decreased
by 70% after 12 years due to iron oxide clogging [34].
Similarly, a compost-PRB in Canada exhibited biofouling,
reducing Cd removal from 90% to 50% within 5 years [32].

Effectiveness in Different Hydrogeological Settings

Performance modeling of permeable reactive barrier (PRB)
systems for cadmium in groundwater may be based on
numerical solutions of coupled water flow and solute
transport equations that consider (filtration, advection,
dispersion, chemical reactions, and the specific
hydrogeological context. The effectiveness of a PRB as a
cadmium attenuator may be affected by the aquifer hydraulic
dispersivity [95, 96].

Low values of cadmium attenuation in the PRB are predicted
if the filters are too small and the PRB is not appropriate for
aquifers with high hydraulic conductivity. A 0.75 m wide PRB
may be applicable at a filter diameter equal to 2 mm, but its
efficiency decreases quickly as the filter diameter increases.
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The treatment efficiency may drastically decrease in aquifers
with high hydraulic conductivity. The vertical hydraulic
gradient affecting the PRB is a relevant factor in its
dimensioning; a more significant hydraulic gradient increases
the effect of the cadmium concentration peak, making
performance modeling even more necessary. The treatment
effectiveness may also be markedly affected by the hydraulic
gradient direction, but the effect depends on the aquifer
filtration [97].

Coarser media are less sensitive to the hydraulic gradient
direction around the PRB. In comparison, the effectiveness of
the PRB for finer aquifer media decreases considerably if the
hydraulic gradient acts against the flow. A PRB is a
groundwater remediation technology widely studied and
employed for various contaminants. Sophisticated computer
models based on numerical solutions of coupled water flow
and solute transport equations may be used to predict the
performance of a PRB groundwater-enforced remediation
system for cadmium contamination in aquifers. Using
analytical solutions, far easier analytical models may also be
used. Performance modeling accounts for chemical
degradation processes, aquifer filtration, porosity, hydraulic
conductivity, the reactive filter equilibrium distribution
coefficient, cadmium sorption isotherm, and PRB geometry
and position in the aquifer [15, 18].

Performance modeling of PRBs designed to remove cadmium
from groundwater of different aquifer settings was
performed, considering all significant cadmium transport.
Numerical models of PRB cadmium remediation were applied
to solve the transport and chemical reaction equations and to
evaluate the treatment cadmium removal efficiency. The
numerical models presented were validated using existing
analytical equations for the performance of PRBs attenuating
groundwater contamination. The solutions of differential
transport equations are mathematically very complex and
difficult to solve analytically for cases of general interest with
many parameters. On the other hand, numerical solutions of
transport and degradation equations allow evaluating the
remediation efficiency of various contaminant sources and
aquifer contaminations at any parameters adopted in the
model set-up, including aquifer characteristics, flow field, and
various remediation technologies, among them a PRB [98].

CONCLUSION

Permeable reactive barriers (PRBs) are a promising method
for remediating soil and groundwater contaminated with
heavy metals, particularly cadmium (Cd). These systems
utilize subsurface reactive materials to capture pollutants
from adjacent groundwater, either passively or actively. PRBs
consist of an impermeable barrier excavated, back-filled with
reactive materials, and capped. They are practical, passive,
and promise long-term stability. Reactive materials for PRBs
include fibrous iron-based material, zero-valent iron, zeolite
and sand mixtures, organic substrates, and iron filings grated
with sand. PRB systems can be used as containment barriers
flanked by pumping and treating systems. Performance
criteria and design aspects of PRB-type technologies include
time frame, perimeter, conductive thickness, incentives for
further pollution, and monitoring costs.

ACKNOWLEDGEMENT

This study is supported by the staff of the Karbala
Environment Directorate.

DATA AVAILABILITY STATEMENT
No data was used for the research described in the article.

CONFLICT OF INTEREST

The author declares that there is no conflict of interest with
any individual, institution, or organization in the preparation,
evaluation, or publication of this study.

USE OF AI FOR WRITING ASSISTANCE

During the preparation of this work the author used quill Bot
/ paraphrase in order to improve language and readability,
with caution. After using this tool, the author reviewed and
edited the content as needed and takes full responsibility for
the content of the publication.

ETHICS
There are no ethical issues with the publication of this
manuscript.

REFERENCES

[1].W. Jadaa and H. Mohammed, “Heavy metals-definition,
natural and anthropogenic sources of releasing into
ecosystems, toxicity, and removal methods-an overview
study,” Journal of Ecological Engineering, vol. 24, no. 6,
2023.

[2].H. Sable, and Vandana Singh “Toxicological and
bioremediation profiling of nonessential heavy metals
(mercury, chromium, cadmium, aluminium) and their
impact on human health: A review,” Toxicologie
Analytique et Clinique, vol. 36, no. 3, 2024.

[3].0. Z. Ojekunle, and Aminat Rasaki, “Health risk
assessment of heavy metals in drinking water leaching
through improperly managed dumpsite waste in Kurata,
ljoko, Sango area of Ogun State, Nigeria,” Groundwater for
Sustainable Development, vol. 18, p. 100792, 2022.

[4].A. A. Adeyemi and Z. O. Ojekunle, “Concentrations and
health risk assessment of industrial heavy metals
pollution in groundwater in Ogun state, Nigeria,” Scientific
African, vol. 11, p. e00666, 2021.

[5]-A. Kubier, R. T. Wilkin, and T. Pichler, “Cadmium in soils
and groundwater: A review,” Applied Geochemistry, vol.
108, p. 104388, 2019.

[6].A. K. Thakur and M. Kumar, “Reappraisal of permeable
reactive barrier as a sustainable groundwater
remediation technology,” Contaminants in Drinking and
Wastewater  Sources:  Challenges and  Reigning
Technologies, pp. 179-207, 2021.

[7].T. Du, A. Bogush, 0. Masek, S. Purton, and L. C. Campos,
“Algae, biochar and bacteria for acid mine drainage (AMD)
remediation: A review,” Chemosphere, vol. 304, p. 135284,
2022.

.K. Igbal, S. Yahya, M. Jadoon, E. Yaseen, and Z. Nadeem,
“Strategies for cadmium remediation in nature and their
manipulation by molecular techniques: a comprehensive
review,” International Journal of Environmental Science
and Technology, vol. 21, pp. 1-18, 2024.

.M. Kumar, A. Kushwaha, L. Goswami, A. K. Singh, and M.
Sikandar, “A review on advances and mechanism for the
phycoremediation of cadmium contaminated

8

—_

[9

—



562

Environ Res Tec, Vol. 9, Issue 3, pp. 555-565, June 2026

wastewater,” Clear Engineering and Technology, vol. 5, p.
100288, 2021.

[10]. R. Sharma, P. R. Agrawal, R. Kumar, Ittishree, and G.
Gupta, “Biosorption for eliminating inorganic
contaminants (I0Cs) from wastewater,” Biosorption for
Wastewater Contaminants, pp. 42-62, 2022.

[11]. M. Lawrinenko, S. Kurwadkar, and R. T. Wilkin, “Long-
term performance evaluation of zero-valent iron
amended permeable reactive barriers for groundwater
remediation-A mechanistic approach,” Geoscience
Frontiers, vol. 14, no. 2, p. 101494, 2023.

[12].J. L. Conca and ]. Wright, “An Apatite II permeable
reactive barrier to remediate groundwater containing Zn,
Pb and Cd,” Applied Geochemistry, vol. 21, no. 8, pp. 1288-
1300, 2006.

[13]. W. Wang, M. Zhang, H. Qiu, T. Gong, M. Xiang, and H. Li,
“Microbe-Mineral Interaction-Induced Microorganism-
Augmented Permeable Reactive Barriers for Remediation
of Contaminated Soil and Groundwater: A Review,” ACS
ES&T Water, vol. 3, no. 8, pp. 2024-2040, 2023.

[14]. Y. Zhang et al., “Application of zeolites in permeable
reactive barriers (PRBs) for in-situ groundwater
remediation: A critical review,” Chemosphere, vol. 308, p.
136290, 2022.

[15]. M. Sakr, H. El Agamawi, H. Klammler, and M. M.
Mohamed, “A review on the use of permeable reactive
barriers as an effective technique for groundwater
remediation,” Groundwater for Sustainable Development,
vol. 21, p. 100914, 2023.

[16]. A. K. Thakur, M. Vithanage, D. B. Das, and M. Kumar, “A
review on design, material selection, mechanism, and
modelling of permeable reactive barrier for community-
scale groundwater treatment,” Environmental Technology
& Innovation, vol. 19, p. 100917, 2020.

[17]. R. Singh, S. Chakma, and V. Birke, “Performance of field-
scale permeable reactive barriers: An overview on
potentials and possible implications for in-situ
groundwater remediation applications,” Science of The
Total Environment, vol. 858, p. 158838, 2023.

[18]. R. Budania and S. Dangayach, “A comprehensive review
on permeable reactive barrier for the remediation of
groundwater contamination,” Journal of Environmental
Management, vol. 332, p. 117343, 2023.

[19]. K. Plessl, A. Russ, and D. Vollprecht, “Application and
development of zero-valent iron (ZVI) for groundwater
and wastewater treatment,” International Journal of
Environmental Science and Technology, vol. 20, no. 6, pp.
6913-6928, 2023.

[20]. G. Genchi, M. S. Sinicropi, G. Lauria, A. Carocci, and A.
Catalano, “The effects of cadmium toxicity,” International
Journal of Environmental Research and Public Health, vol.
17,n0.11, p. 3782, 2020.

[21]. S. Saini and G. Dhania, “Cadmium as an environmental
pollutant: ecotoxicological effects, health hazards, and
bioremediation approaches for its detoxification from
contaminated sites,” Bioremediation of industrial waste
for environmental safety: Volume II: biological agents and
methods for industrial waste management, pp. 357-387,
2020.

[22]. ]J. Khatun, A. Intekhab, and D. Dhak, “Effect of
uncontrolled fertilization and heavy metal toxicity
associated with arsenic (As), lead (Pb) and cadmium (Cd),
and possible remediation,” Toxicology, vol. 477, p.
153274, 2022.

[23]. A. Kubier, K. Hamer, and T. Pichler, “Cadmium
background levels in groundwater in an area dominated
by agriculture,” Integrated Environmental Assessment and
Management, vol. 16, no. 1, pp. 103-113, 2020.

[24]. A. Ashraf, X. Chen, and R. Ramamurthy, “Modelling
heavy metals contamination in groundwater of Southern
Punjab, Pakistan,” International Journal of Environmental
Science and Technology, vol. 18, no. 8, pp. 2221-2236,
2021.

[25]. K. N. Palansooriya et al.,, “Occurrence of contaminants in
drinking water sources and the potential of biochar for
water quality improvement: A review,” Critical Reviews in
Environmental Science and Technology, vol. 50, no. 6, pp.
549-611, 2020.

[26]. N. Kari¢., “Bio-waste valorisation: Agricultural wastes as
biosorbents for removal of (in) organic pollutants in
wastewater treatment,” Chemical Engineering Journal
Advances, vol. 9, p. 100239, 2022.

[27]. P. Kumkum and S. Kumar, “Evaluation of lead (Pb (II))
removal potential of biochar in a fixed-bed continuous
flow adsorption system,” Journal of Health & Pollution, vol.
10, no. 28, p. 201210, 2020.

[28]. S. Dewangan, A. K. Bhatia, A. K. Singh, and S. A. C.
Carabineiro, “Removal of hydrophobic contaminants from
the soil by adsorption onto carbon materials and
microbial degradation,” Joutnal of Carbon Research, vol. 7,
no. 4, p. 83, 2021.

[29]. M. Gheju and I. Balcu, “Sequential abatement of Fell and
CrVI water pollution by use of walnut shell-based
adsorbents,” Processes, vol. 9, no. 2, p. 218, 2021.

[30]. N. J. Al-Mansoria, J. H. AL-BAIDHANI, and M. J. AL-
BAKRIC, “Seeds-based activated carbon for copper
removal from groundwater,” jJournal of Engineering
Science and Technology, vol. 15, no. 3, pp. 1622-1638,
2020.

[31]. O. Gibert, J. de Pablo, ]J. L. Cortina, and C. Ayora,
“Evaluation of a sheep manure/limestone mixture for in
situ acid mine drainage treatment,” Environmental
Engineering Science, vol. 25, no. 1, pp. 43-52, 2008.

[32]. R. D. Ludwig, “Treatment of arsenic, heavy metals, and
acidity using a mixed ZVI-compost PRB,” Environmental
Science & Technology, vol. 43, no. 6, pp. 1970-1976, 2009.

[33]. J.-H. Kim, E. Kwak, and S. Lee, “Performance expectation
of coal waste in permeable reactive barrier for removal of
cadmium considering contamination level and pore water
velocity,” Chemosphere, vol. 345, p. 140387, 2023.

[34]. R. T. Wilkin et al,, “Geochemical and isotope study of
trichloroethene degradation in a zero-valent iron
permeable reactive barrier: A twenty-two-year
performance evaluation,” Environmental Science &
Technology, vol. 53, no. 1, pp. 296-306, 2018.

[35]. J. Song, G. Huang, D. Han, Q. Hou, L. Gan, and M. Zhang,
“A review of reactive media within permeable reactive
barriers for the removal of heavy metal (loid) s in
groundwater: Current status and future prospects,”
Journal of Cleaner Production, vol. 319, p. 128644, 2021.

[36]. H. Li and Q. Liu, “Reaction medium for permeable
reactive barrier remediation of groundwater polluted by
heavy metals,” Frontiers in Environmental Science, vol. 10,
p. 968546, 2022.

[37]. A. A. H. Faisal, M. B. Abdul-Kareem, A. K. Mohammed, M.
Naushad, A. A. Ghfar, and T. Ahamad, “Humic acid coated
sand as a novel sorbent in permeable reactive barrier for
environmental remediation of groundwater polluted with



Environ Res Tec, Vol. 9, Issue 3, pp. 555-565, June 2026

563

copper and cadmium ions,” Journal of Water Process
Engineering, vol. 36, p. 101373, 2020.

[38]. Y. Zheng, C. Xiao, and R. Chi, “Remediation of soil
cadmium pollution by biomineralization using microbial-
induced precipitation: a review,” World Journal of
Microbiology and Biotechnology, vol. 37, no. 12, p. 208,
2021.

[39]. M. C. Benalia, L. Youcef, M. G. Bouaziz, S. Achour, and H.
Menasra, “Removal of heavy metals from industrial
wastewater by chemical precipitation: mechanisms and
sludge characterization,” Arabian Journal for Science and
Engineering, vol. 47, no. 5, pp. 5587-5599, 2022.

[40]. W. Zhang, L. Xia, K. M. Deen, E. Asselin, B. Ma, and C.
Wang, “Enhanced removal of cadmium from wastewater
by electro-assisted cementation process: A peculiar Cd
reduction on Zn anode,” Chemical Engineering Journal, vol.
452,p. 139692, 2023.

[41]. A. F. Ali and Z. T. Abd Alj, “Sustainable use of concrete
demolition waste as reactive material in permeable
barrier for remediation of groundwater: batch and
continuous study,” Journal of Environmental Engineering,
vol. 146, no. 7, p. 04020048, 2020.

[42]. D. A. Da’ana, “Removal of toxic elements and microbial
contaminants from groundwater using low-cost
treatment options,” Current Pollution Reports, vol. 7, no. 3,
pp. 300-324, 2021.

[43]. W. Li, Y. Zhang, and V. Achal, “Mechanisms of cadmium
retention on enzyme-induced carbonate precipitation
(EICP) of Ca/Mg: Nucleation, chemisorption, and co-
precipitation,” Journal of Environmental Chemical
Engineering, vol. 10, no. 3, p. 107507, 2022.

[44]. Y. Wang, C. Wang, R. Feng, Y. Li, Z. Zhang, and S. Guo, “A
review of passive acid mine drainage treatment by PRB
and LPB: From design, testing, to construction,”
Environmental Research, p. 118545, 2024.

[45]. C. M. Mayacela-Rojas, “Removal of transition metals
from contaminated aquifers by PRB technology:
Performance comparison among reactive materials,”
International journal of Environmental Research and
Public Health, vol. 18, no. 11, p. 6075, 2021.

[46]. R. Jayasundara, K. P. P. Udayagee, A. K. Karunarathna, P.
M. Manage, R. N. Nugara, and K. Abhayapala, “Permeable
reactive barriers as an in situ groundwater remediation
technique for open solid waste dumpsites: a review and
prospect,” Water, Air, & Soil Pollution, vol. 234, no. 1, p. 50,
2023.

[47]. Jabbar H. Al-Baidhani and Zainab Y. Al-Rubaye,
“Methylene Blue Removal with New Adsorbent Derived
from Truffle Peels,” Indian Journal of Ecology, vol. 47, no.
10, pp. 2352-239, 2020.

[48]. R. Rashid, I. Shafiq, P. Akhter, M. ]. Igbal, and M. Hussain,
“A state-of-the-art review on wastewater treatment
techniques: the effectiveness of adsorption method,”
Environmental Science and Pollution Research, vol. 28, pp.
9050-9066, 2021.

[49]. U. O. Aigbe, K. E. Ukhurebor, R. B. Onyancha, O. A.
Osibote, H. Darmokoesoemo, and H. S. Kusuma, “Fly ash-
based adsorbent for adsorption of heavy metals and dyes
from aqueous solution: a review,” Journal of Materials
Research and Technology, vol. 14, pp. 2751-2774, 2021.

[50]. J. O.Ighalo, F. 0. Omoarukhe, V. E. Ojukwu, K. O. Iwuozor,
and C. A. Igwegbe, “Cost of adsorbent preparation and
usage in wastewater treatment: a review,” Cleaner
Chemical Engineering, vol. 3, p. 100042, 2022.

[51]. X. Kong et al., “Super-stable mineralization of cadmium
by calcium-aluminum layered double hydroxide and its
large-scale application in agriculture soil remediation,”
Chemical Engineering Journal, vol. 407, p. 127178, 2021.

[52]. W. Luo, “Mitigation of Cd accumulation in rice with
water management and calcium-magnesium phosphate
fertilizer in field environment,” Environmental
Geochemistry and Health, vol. 42, pp. 3877-3886, 2020.

[53]. Q. Li, “Simultaneous immobilization of arsenic, lead and
cadmium by magnesium-aluminum modified biochar in
mining soil,” Journal of Environmental Management, vol.
310, p. 114792, 2022.

[54]. M. Stec, B. Jagustyn, K. Stowik, M. Scigzko, and T. Iluk,
“Influence of high chloride concentration on pH control in
hydroxide precipitation of heavy metals,” Journal of
Sustainable Metallurgy, vol. 6, pp. 239-249, 2020.

[55]. J.]J.Kim, S.S. Lee, P. Fenter, S. C. B. Myneni, V. Nikitin, and
C. A. Peters, “Carbonate coprecipitation for Cd and Zn
treatment and evaluation of heavy metal stability under
acidic conditions,” Environmental Science & Technology,
vol. 57, no. 8, pp. 3104-3113, 2023.

[56]. A. Biswas, M. ]. Hendry, ]. Essilfie-Dughan, S. Day, S. A.
Villeneuve, and S. L. Barbour, “Geochemistry of zinc and
cadmium in coal waste rock, Elk Valley, British Columbia,
Canada,” Applied Geochemistry, vol. 136, p. 105148, 2022.

[57]. M. Kaur, N. Sidhu, and M. S. Reddy, “Removal of
cadmium and arsenic from water through
biomineralization,” Environmental Monitoring and
Assessment, vol. 195, n0.9, p. 1019, 2023.

[58]. H. M. Grema, H. Hamidu, A. Suleiman, A. I. Kankara, A. O.
Umaru, and N. F. Abdulmalik, “Cadmium geochemistry
and groundwater pollution status evaluation using
indexing and spatial analysis for Keffe community and
Environs Sokoto Basin, North Western Nigeria,” Nigerian
Journal of Basic and Applied Sciences, vol. 30, no. 1, pp. 5-
23,2022.

[59]. W. Qin, D. Han, X. Song, and S. Liu, “Sources and
migration of heavy metals in a karst water system under
the threats of an abandoned Pb-Zn mine, Southwest
China,” Environmental Pollution, vol. 277, p. 116774,
2021.

[60]. H. Kacmaz, “Assessment of heavy metal contamination
in natural waters of Dereli, Giresun: an area containing
mineral deposits in northeastern Turkey,” Environmental
Monitoring and Assessment, vol. 192, no. 2, p. 91, 2020.

[61]. A. Alemu, N. Gabbiye, and B. Lemma, “Application of
integrated local plant species and vesicular basalt rock for
the treatment of chromium in tannery wastewater in a
horizontal subsurface flow wetland system,” Journal of
Environmental Chemical Engineering, vol. 8, no. 4, p.
103940, 2020.

[62]. E. Sljivnjak, “Stimulation of mesenchymal stem cells
osteogenic differentiation using perfusion bioreactor,”
2022.

[63]. ]J.Jiang, “Adsorption mechanism of Cd2+ on solid waste-
based PRB composite filler and pore structure dynamic
evolution laws,” Journal of Cleaner Production, vol. 469, p.
143251, 2024.

[64]. S. Tasharrofi, “Adsorption of cadmium using modified
zeolite-supported nanoscale zero-valent iron composites
as a reactive material for PRBs,” Science of the Total
Environment, vol. 736, p. 139570, 2020.

[65]. H. Zhou, ]. Xu, S. Lv, Z. Liu, and W. Liu, “Removal of
cadmium in contaminated kaolin by new-style
electrokinetic remediation using array electrodes coupled


https://link.springer.com/journal/40726

564

Environ Res Tec, Vol. 9, Issue 3, pp. 555-565, June 2026

with permeable reactive barrier,” Separation and
Purification Technology, vol. 239, p. 116544, 2020.

[66]. A. Safonov, N. Popova, N. Andrushenko, K. Boldyrev, N.
Yushin, and L. Zinicovscaia, “Investigation of materials for
reactive permeable barrier in removing cadmium and
chromium (VI) from aquifer near a solid domestic waste
landfill,” Environmental Science and Pollution Research,
vol. 28, pp. 4645-4659, 2021.

[67]. A. A. H. Faisal, I. M. Alj, L. A. Naji, H. M. Madhloom, and N.
Al-Ansari, “Using different materials as a permeable
reactive barrier for remediation of groundwater
contaminated with landfill’s leachate,” Desalination Water
Treat, vol. 175, pp. 152-163, 2020.

[68]. F.Yan, Z. Ye, B. Cao, and F. Wang, “Mechanical properties
of reaction mediums in permeable reactive barriers,”
Science of The Total Environment, vol. 926, p. 171868,
2024.

[69]. S. Bilardji, P. S. Calabro, and N. Moraci, “A review of the
hydraulic performance of permeable reactive barriers
based on granular zero valent iron,” Water, vol. 15, no. 1,
p. 200, 2023.

[70]. K. Chen and H. Chen, “Generalized hydraulic
conductivity model for capillary and adsorbed film flow,”
Hydrogeology Journal, vol. 28, no. 6, pp. 2259-2274, 2020.

[71]. N. Zhang et al,, “Experimental studies on the durability
and leaching properties of alkali-activated tailings
subjected to different environmental conditions,” Cement
and Concrete Composites, vol. 130, p. 104531, 2022.

[72]. T. A. Aiken, L. Gu, ]. Kwasny, G. F. Huseien, D. McPolin,
and W. Sha, “Acid resistance of alkali-activated binders: A
review of performance, mechanisms of deterioration and
testing procedures,” Construction and Building Materials,
vol. 342, p. 128057, 2022.

[73]. M. Keppert, V. Davidova, B. DouSov4, L. Scheinherrova,
and P. Reiterman, “Recycling of fresh concrete slurry
waste as  supplementary cementing material:
Characterization, application and leaching of selected
elements,” Construction and Building Materials, vol. 300,
p- 124061, 2021.

[74]. R. Cao, Z. Jia, Z. Zhang, Y. Zhang, and N. Banthia,
“Leaching kinetics and reactivity evaluation of ferronickel
slag in alkaline conditions,” Cement and Concrete
Research, vol. 137, p. 106202, 2020.

[75]. R. He, S. Zhang, X. Zhang, Z. Zhang, Y. Zhao, and H. Ding,
“Copper slag: The leaching behavior of heavy metals and
its applicability as a supplementary cementitious
material,” Journal of Environmental Chemical Engineering,
vol. 9, no. 2, p. 105132, 2021.

[76]. S. Mashhadikhan, A. E. Amooghin, H. Sanaeepur, and M.
M. A. Shirazi, “A critical review on cadmium recovery from
wastewater towards environmental sustainability,”
Desalination, vol. 535, p. 115815, 2022.

[77]. S. Yoon, S. Jeong, C. Moon, and K. Nam, “Removal of
cadmium and zinc by calcium polysulfide in acidic
groundwater: Injection ratio and precipitation
mechanism,” Chemosphere, p. 143219, 2024.

[78]. M. Graffam, R. Paulsen, and N. Volkenborn, “Hydro-
biogeochemical processes and nitrogen removal potential
of a tidally influenced permeable reactive barrier behind
a perforated marine bulkhead,” Ecological Engineering,
vol. 155, p. 105933, 2020.

[79]. R. Summers and D. Weaver, “Phosphorus Retention of a
Permeable Reactive Barrier Surpassed by an Unvegetated
Artificial Pond” Environment and Natural Resources
Research, 2021.

[80]. J.-H. Kim, H. Y. Kwak, E. Kwak, B.-]. Kim, and S. Lee,
“Longevity of coal waste for controlling cadmium-
contaminated groundwater considering groundwater
velocity,” Environmental Science and Pollution Research,
vol. 30, no. 17, pp. 51170-51179, 2023.

[81]. E. Kwak, J.-H. Kim, N.-C. Choi, E. Seo, and S. Lee,
“Longevity prediction of reactive media in permeable
reactive barriers considering the contamination level and
groundwater velocity at the planning site, with a focus on
cadmium removal by zeolite,” Chemosphere, vol. 353, p.
141532, 2024.

[82]. L. P. Padhye, “Contaminant containment for sustainable
remediation of persistent contaminants in soil and
groundwater,” Journal of Hazardous Materials, vol. 455, p.
131575, 2023.

[83]. S.]. Grajales-Mesa, G. Malina, E. Kret, and T. Szklarczyk,
“Designing a permeable reactive barrier to treat TCE
contaminated groundwater: Numerical modelling,”
Tecnologia y ciencias del agua, vol. 11, no. 3, pp. 78-106,
2020.

[84]. S.D.Warner, D. N. Bekele, and P. W. Hadley, “Sustainable
remediation: integrating risk, science, and sustainability
principles,” in Water Sustainability, Springer, 2023, pp.
233-249.

[85]. H. Yang, “Modelling the porosity loss in granular iron
based permeable reactive barriers,” PhDThesis, 2022.

[86]. R. Carnier, A. R. Coscione, C. A. de Abreu, L. C. A. Melo,
and A. F. da Silva, “Cadmium and lead adsorption and
desorption by coffee waste-derived biochars,” Bragantia,
vol. 81, p. e0622, 2022.

[87]. H. A. Alalwan, M. A. Kadhom, and A. H. Alminshid,
“Removal of heavy metals from wastewater using
agricultural byproducts,” Journal of Water Supply:
Research and Technology—AQUA, vol. 69, no. 2, pp. 99-
112, 2020.

[88]. F. Zheng, W. Yue, and Z. Yuanzheng, “A coupling
numerical model for simulating groundwater uranium
removal in coupling device of electric field and PRB,”
Journal of Hydrology (Amst), p. 131837, 2024.

[89]. V.G. Poosarla, B. G. Rathod, D. Nagarajan, and J.-S. Chang,
“Extremophilic microorganisms for the removal of
harmful pollutants,” in Development in Wastewater
Treatment Research and Processes, Elsevier, 2024, pp.
113-134.

[90]. M. T. Waheed, “Plant-based Vaccines against Livestock
Diseases: Way to Achieve Several Sustainable
Development Goals,” in Applications in Plant
Biotechnology, CRC Press, 2022, pp. 204-238.

[91]. E. Torres and P. Gémez, “Permeable Reactive Barriers
(PRBs) for environmental site remediation,” 2020.

[92]. M. Irannajad and H. Kamran Haghighi, “Removal of
heavy metals from polluted solutions by zeolitic
adsorbents: a review,” Environmental Processes, vol. 8, pp.
7-35,2021.

[93].]. Fronczyk and K. Markowska-Lech, “Treatment
efficiency of synthetic urban runoff by low-cost mineral
materials under various flow conditions and in the
presence of salt: Possibilities and limitations,” Science of
The Total Environment, vol. 770, p. 145199, 2021.

[94]. R. Tao, “Effects of solid additives and inorganic ligands
on the efficiency of metallic iron-based water treatment
system,” 2024.

[95]. M. Saadatpour, M. Goeini, A. Afshar, and A.
Shahmirnoori, “A preliminary approach based on



Environ Res Tec, Vol. 9, Issue 3, pp. 555-565, June 2026

565

numerical simulation modelling and evaluation of
permeable reactive barrier for aquifer remediation
susceptible to selenium contaminant,” Journal of
Environmental Management, vol. 331, p. 117242, 2023.

[96]. L. Yuan, “An overview of in situ remediation for
groundwater co-contaminated with heavy metals and
petroleum hydrocarbons,” journal of Environmental
Management, vol. 349, p. 119342, 2024.

[97]. W. Dayanthi, S. W. Jagoda, and K. A. A. Hasini,
“Laboratory Experiments on Remediation of Landfill

Leachate Contamination with Permeable Reactive
Barriers (PRBs) of Reactive Media Derived from Waste,”
Engineer, vol. 57, no. 01, pp. 95-106, 2024.

[98]. ]. Jiang, H.-H. Luo, S.-F. Wang, ]. Su, and Y.-D. Yu, “A two-
dimensional analytical model for heavy metal
contaminants transport in permeable reactive barrier,”
Water Science & Technology, vol. 87, no. 2, pp. 393-406,
2023.



