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INTRODUCTION

Sustainable management of water represents 
a continual challenge especially due to a number 
of parameters including an expanding global pop-
ulation, depletion of water resources, and, last but 
not least, an expanding global demand for clean 
water, bioenergy, and food. Hence, the removal 
of pollutants and decontamination of the pollutant 
source require rapid and efficient actions [1–4]. 
The deterioration of freshwater ecosystems has 
led to legislative demands to protect and man-
age surfacewater, while ecosystems dependent 
on groundwater have received less attention [5]. 
In dry and semi-arid areas, groundwater is one of 

the most important sources of water. Due the ex-
panding worldwide population and growing de-
mands for water for both urban and agriculture 
uses [6]. For millions of people in poor nations, 
groundwater is considered as a unique source of 
safe drinking water [7, 8]. It provides water for 
drinking as well as other domestic, agricultural, 
and industrial uses [9, 10]. Groundwater is used 
by about 2.5 billion people in all over the world in 
their daily lives [11]. Groundwater is used to meet 
the demands of diverse industries when fresh sur-
face water resources are scarce. Contamination 
of groundwater owing to waste materials has be-
come a major concern due to large-scale indus-
trial expansion [12, 13]. 
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Assuring a secure and sustainable supply of 
groundwater for home use is one of the key factors 
in a country’s sustainable development. However, 
agricultural practices, urbanization, industrial ac-
tivity, and climate changes all represent threats to 
the ground water quality. Health, the ecological 
services, and long-term socioeconomic develop-
ment are all under risk from toxic metals, pesti-
cides, hydrocarbons, trace organic compounds, 
and other apparent pollutants [14]. 

Globally, the quality of groundwater is a sig-
nificant environmental concern, necessitating the 
ongoing monitoring of a variety of physicochemi-
cal characteristics, such as cations and anions. 
[15]. Groundwater quality is improved by elimi-
nating human activities. Controlling industrial and 
agricultural pollution inputs can improve the qual-
ity of groundwater and the whole environment. 
Natural cleaning techniques for the contaminated 
groundwater might require decades or hundreds 
of years, even after the contamination source is 
eliminated [16]. Despite the fact that there are nu-
merous contaminants being discovered in ground-
water on a regular basis, they may be categorized 
into three groups: chemical contaminants, radio-
active contaminants, and biological contaminants. 
These toxins can result from both natural and ar-
tificial sources [17, 18]. In order to comprehend 
physical processes, characterize a specific system, 
or develop predictive modalities for estimating 
feasible solutions for water distribution, interac-
tion of surface water and groundwater, landscape 
management, or effects the withdrawals of new 
groundwater, numerical or conceptual models are 
applied to hydrological modeling [19].

The pump-and-treat approach has been the 
standard method for treating groundwater pol-
luted with organic and inorganic toxins for many 
years. However, this technology disregarded 
the sustainability in addition to the new concept 
employing renewable energy. Due to their effi-
ciency and simplicity, permeable reactive barri-
ers (PRBs) had been used as an alternative one 
to traditional pump-and-treat methods for clean-
ing up polluted groundwater [20]. Numerous 
researchers have examined at the utilization of 
reactive media produced from waste or byprod-
ucts of natural resources. Waste from natural re-
sources is an essential resource for the recovery 
and extraction of precious materials. To trans-
form these waste products into useful resourc-
es, specific techniques and approaches must be 
used [21]. The main objectives of this review are 

discussing the following aspects (i) the funnel-
gate PRB system principals, (ii) the configura-
tion of funnel-gate PRB and (iii) the funnel-gate 
PRB configuration design and installation. PRB 
technology is passive and efficient alternative 
treatment approach for remediation of the con-
taminated groundwater. Funnel-gate PRB is most 
relevant configuration which introduced as pas-
sive and cost effective approach for treating pol-
luted groundwater when contaminated plume is 
huge and expensive reactive media. 

RESEARCH METHODOLOGY 

This review was design to focus on the funnel-
gate PRB technology which used in groundwater 
remediation, as there are not many studies avail-
able on this topic. PRB technology provided effi-
cient technique as passive method for groundwater 
remediation. To discuss funnel-gate PRB, there are 
many topics related to it that must also be focused 
on in order to reach a complete and comprehen-
sive explanation of this technology. In this paper 
an overview on the groundwater significant as im-
portant sources for several purposes, sources of 
groundwater contamination, transport of contami-
nants, fate of contaminants, contaminants transport 
governing and groundwater remediation technolo-
gies have been discussed. In addition to reactive 
media, impermeable wall materials, the design 
and installation of PRBs of funnel-gate configura-
tions have been discussed. Reaction mechanisms 
in groundwater, isotherms sorption models, kinetic 
sorption models, breakthrough curves models have 
been presented Figure 1.

SOURCES OF GROUNDWATER 
CONTAMINATION

The contamination of groundwater is a global 
problem which significantly affects both the eco-
logical system and human health. Natural sources 
of the contamination of groundwater include min-
eral deposits, brackish water, low-quality surface 
water, and saltwater. Such natural sources can 
develop into significant sources of contamination 
if the activities of the human disturb the balance 
of the natural environment like aquifers depletion 
leading to the intrusion of saltwater, acid mine 
drainage resulting from mineral resources exploi-
tation, and the leaching of the hazardous chemicals 
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resulting from excessive irrigation [22]. Ground-
water resources have recently been contaminated 
by a variety of activities, including agriculture, 
treatment systems of decentralized wastewater, 
livestock, and acid rain. The groundwater can be 
harmed by seepage from industrial waste lagoons, 
landfill leachate, mine tailings, sewage, non-engi-
neered deep well liquid waste disposal, and mine 
tailings [23]. Pollutants from sources like as fos-
sil fuel combustion, road salts, and other terrible 
compounds leaching into aquifers are examples of 
anthropogenic groundwater contamination [24]. 
Leaking of septic storage tanks, incorrectly built 
storage system, corroded or rusted pipe connec-
tions, and leaching landfills are additional sources 
of groundwater pollution [25]. The movement of 
organic matter from the vadose zone to the subsur-
face by rainwater recharge is the primary source 
of dissolved organic matters in groundwater [26]. 

The presence of toxins due to industrial activ-
ities in the water can impair crop output and plant 
growth, harm aquatic living animals, and change 
the quality of surface and groundwater. Industrial 
pollution is a key contributor to environmental 
degradation [4]. Surface aquifers, which are pol-
luted in many locations and shallow wells yield 
poor water quality, which causes an increase in 
water-related diseases and poverty [27] . Ground-
water contaminants are mostly related to two 
types of sources:
1) Point sources,
2) Distributed, or non-point sources.

Point sources of contamination are local-
ized contamination sources. The contamination 

reacting with moving groundwater and soil 
spreads out for producing a plume that follows 
the groundwater’s path. The ensuing contamina-
tion plume in groundwater could spread hundreds 
of meters or even further away from sourced pol-
lution. Groundwater can further be contaminated 
via diffused sources that extend over a large re-
gion, such as widespread fertilizer uses in gardens 
and fields. Because of a considerably larger vol-
ume of water affected by diffuse of contamina-
tion, it may have a higher environmental impact 
than contamination from point sources. Pollutants 
from point sources are typically associated with 
urbanization, whereas diffuse sources are typi-
cally found in rural areas [28]. 

Advection, dispersion, and diffusion are three 
mechanisms that can be used to move contami-
nants that have been dissolved in the soil matrix. 
Advection entails movement in the flow direction 
and is related to the mean fluid velocity. Due to 
the fact that the contaminant is traveling with the 
conveying fluid, it is a passive mode of transfer. 
Pollutants move through the diffusion process 
when they are propelled by kinetic energy in 
the direction of concentration gradient [29]. The 
level of urbanization has a positive correlation 
with groundwater contamination in permeable 
aquifers. contaminated groundwater proportions 
in urbanized and semi-urban areas were almost 
two times higher than non-urbanized areas [30]. 
Heavy metals, cosmetics ,pesticides, waste of by-
products, pharmaceutics, and biological agents 
are among the contaminants present in ground-
water from natural and anthropogenic activities 
[31]. Solid waste is a significant contributor to 

Figure 1. Research methodology
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groundwater pollution. These wastes can be gath-
ered into landfills or dumpsites, and the chemi-
cals and byproducts of the decomposition perco-
lated into the groundwater through precipitation 
and surface runoff. Manure, trash, and industrial 
waste are some examples. Waste from industry 
may contain heavy metals including arsenic, cad-
mium (Cd), lead (Pb), zinc (Zn), copper (Cu), and 
nickel (Ni), which are found in dumpsites. De-
pending on the source of the waste that makes up 
the dump and the area’s natural soil composition, 
the concentration of these heavy metals differs 
from dump to dump [32]. Nitrate and fluoride are 
among the fastest contaminants that percolate into 
aquifer systems because they come from a vari-
ety of geogenic and non-geological activities [33]. 
There is a huge risk to human health if pathogenic 
bacteria enter groundwater sources. Escherichia 
coli, Clostridium, Campylobacter, Rhodococcus 
coprophilus, Enterococci, Arcobacter (an emerg-
ing bacterial disease), Fecal streptococci, and 
sulfite-reducing Clostridia are the most common 
bacteria detected in groundwater. The main source 
of pathogenic microorganisms in surface and 
groundwater systems is cited as the application of 
animal waste to agricultural areas [34]. Emerging 
contaminants like pharmaceuticals and products 
of personal care are forming their ways to surface 
water and to a lesser extent into groundwater [35].

Recently pharmaceuticals are one of many 
anthropogenic organic compounds that have been 
recognized as growing threat to groundwater re-
sources. Despite the fact that their presence and 
subsequent fate in the environment are mostly 
unregulated and poorly understood, numerous 
studies have proven the growing problem of 
their existence in both groundwater and surface 
water [36]. Sulfonamides, quinolones, tetracy-
cline, fluoroquinolones, and nitroimidazoles are 
the most frequently discovered antibiotics in 
wastewater. Different antibiotics have different 
overall concentrations depending on the body 
of water. Surfacewater and groundwater include 
pharmaceutical chemicals that come from vari-
ous sources. Urban wastewater is the first of these 
sources; due to a lack of management monitoring, 
it improperly disposes of old or expired prescrip-
tions and has a high content of pharmaceuticals 
from human waste. Pharmaceuticals are primar-
ily obtained from animal waste, particularly that 
from agriculture and animals. Large, intensive 
livestock farms regularly add medications to the 
meals of their animals and frequently modify the 

soil with animal excrement, which seeps into the 
groundwater. Pharmaceutical sector effluents are 
a significant source of pharmaceuticals contami-
nation as high levels of pharmaceuticals have 
been detected in discharges from businesses in 
Asia, Europe, and America [37].

Transport of contaminants

The soil is a dynamic system because it is 
used as a pathway or a sink for dangerous chemi-
cals. After polluting the surface soil, some of 
these pollutants will sink beneath the water table 
and create a plume of contaminants. Chemical re-
actions can change a compound’s state, transform 
it into another substance, or cause it to mix with 
other chemicals. Sorption is the chemical process 
that is most beneficial for the transportation of or-
ganic and inorganic pollutants in the subsurface 
environment. Sorption occurs when a solute ad-
heres to the surfaces of solid particles, prolonging 
the time of arrival. Isotherm or kinetic ideas are 
frequently used to describe chemical reactions in 
the context of how the pace is changed by reac-
tant concentrations. There are three main mecha-
nisms that govern whether pollutants travel in the 
subsurface environment [38].
 • Molecular diffusion: refers to the movement of 

a solute from regions with a high to low concen-
tration. Fick’s first Law may be used to describe 
how the transported mass of a solute is propor-
tional to its concentration in one dimension:
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where: F (mg/cm2-sec) – mass flux of solute 
per unit area, Dd – the diffusion coeffi-
cient (m2/s), C is concentration of solute 
(mg/L), dC/dx – represents the concentra-
tion gradient per unit length. The negative 
sign indicates the movement of a solute 
from a higher to a lower concentration.

Fick’s second law applies to the solute con-
centration with time [39] :
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 (2)

Solute ion diffusion occurs slower rate in po-
rous media. This is to ensure that ions can only 
diffuse through pore openings and avoid mineral 
grains by traveling farther. It is necessary to use 
an effective coefficient of diffusion to account for 
these two variables.
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	 𝐷* = 𝜏𝐷𝑑 (3)

where: τ – a tortuosity factor and its values ranged 
0.01 to 0.5.

 • Advection: is the process that moves contami-
nants through the groundwater. The rate of ad-
vection and the flow rate of groundwater are 
same. The media’s actual velocity (Va) and the 
Darcy velocity (V) are connected by porosity 
(n). This formula is used to determine the ad-
vective flux (Fa):
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 • Mechanical dispersion: is the contaminants 
with water combination as a result of spread-
ing around solid structures in the aquifer 
media. Actually, there are three reasons that 
groundwater travels either more quickly or 
more slowly than at linear speed, (1) fluids of-
ten move through pores’ centers more quickly 
than their margins; (2) some fluid parts may 
move over shorter, random paths; (3) larger 
holes enable faster distribution. Because no 
two fluid particles move at the same speed, 
mechanical mixing occurs throughout the 
flow path. Such dispersion causes the solute 
particles near the border of the flowing flow 
through to be diluted:

a) Longitudinal dispersion: is the case when the 
combined fluid flows in the stream’s direction.

b) Transverse dispersion: is the movement of the 
fluid in the direction of the stream’s sides.

In groundwater, the processes of mechanical 
dispersion and molecular diffusion are inextricably 
linked. The two processes are considered collec-
tively as hydrodynamic dispersion, a single process.
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One of the most important processes involved 
in the transport, mobility, accumulation, bioavail-
ability, and the toxicity of the organic contami-
nants in the soil matrix is sorption/desorption. 
The concentration, structure, and physical and 
chemical characteristics of the contaminants and 
soil constituents have an impact on the mecha-
nisms and amount of sorption [40].

Fate of contaminants 

Chemical reactions often entail the change 
of molecules, such as pollutants, into other 

compounds, altering the states of compounds, or 
combining with other metallic or organic chemi-
cals. Modeling the movement pattern of these 
compounds is made easier by the fact that reac-
tions between contaminants result in differences 
in mass distribution in a certain volume. Chemi-
cal reaction kinetics, which is often referred to as 
zero-order, first-order, or equilibrium, is based on 
how the concentrations of the reactants are affect-
ing the rate of the reaction. The most significant 
chemical change that influences the transporta-
tion of metallic and organic pollutants within the 
subsurface zone is known as sorption. Soluble 
particles are stuck to solid surfaces by this pro-
cess, which is a type of surface reaction. Under 
the conditions of linear equilibrium partitioning, 
sorption is represented as a factor of retardation 
(R) in the transportation (advection-dispersion) 
equation of pollutants. If the factor R = 1.0, the 
solute is inert and moves with groundwater. It has 
been demonstrated that pollutants with lower R 
values move farther than those with higher R val-
ues during a given period of time.

Contaminant transport governing equation 

The “Advection-dispersion” equation is the 
primary differential equation exploited to de-
pict the solute transport in the aqueous solution 
passing across a porous bed. Equations (7 and 8) 
represent the basic formulas for the “Advection-
dispersion” Equation in one and two dimensions, 
respectively. Equation (7) has two terms on left 
hand side; the first refers to the “Dispersion” 
that means movement of contaminants (solute) 
as a result of the concentration gradient and the 
changed pathways, whereas the second one re-
fers to “Advection” which describes the solute 
transport via the flowing velocity. On right hand 
side of Equation (7), R refers to “Retardation 
factor” that is exploited to compute the contami-
nant quantity retarding on solid particles, while 
the reaction associating solute transport is de-
termined as sorption. Such a factor can be es-
timated from Equation 9 where n and ρb are the 
porosity and bulk density corresponding to the 
porous medium. 
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Equation 9 may be solved numerically or 
analytically; however, the process of employing 
such methods to solve problems is typically asso-
ciated with several problems and demands strict 
assumptions. The q value in Equation (9) may 
be estimated either from kinetic models for non-
equilibrium transport or isotherm models for the 
equilibrium transport.

GROUNDWATER REMEDIATION 
TECHNOLOGIES

Traditional techniques for removing ground-
water pollution are included pump-treat (P&T), 
groundwater aeration gas, bioremediation, phase 
extraction, and in-situ chemical oxidation [41]. 

A variety of groundwater remediation meth-
ods have been used over the past thirty years and 
have shown to be effective when based on the 
fundamentals of biological (bioventing), chemi-
cal (ion exchange), and physical (air sparging) 
processes. Nevertheless, only a small number of 
these methods had been successfully used at a 
level of field scale due to problems with longev-
ity, the need for the significant initial investment, 
skilled labor, and operational costs. Air sparging 
and soil vapor extraction (SVE) is regarded as 
one of the most widely used techniques for treat-
ing groundwater, which is contaminated by the 
volatile organic contaminants (VOCs). Here, it is 
anticipated to be effective, fast, and inexpensive. 

This process purify the groundwater via in-
jection pressurized air at groundwater’s lowest 
point to turn volatile chemicals into vapor. Air is 
injected beneath the saturation zone, pollutants 
are removing from aquifer and supplying oxygen 
for biodegradation of toxins. To remove any dan-
gerous substances from the extracted air, vacuum 
extraction machines must be employed. The high 
cost of working on hard surfaces is one of this 
method’s disadvantages [42]. 

Bioventing is the most popular bioremediation 
technique. This method uses controlled airflow 
stimulation to increase the activity of indigenous 
microorganisms and enhance bioremediation by 
supplying oxygen to the unsaturated (vadose) 
zone. The microbial transformation of pollutants 
into a harmless condition is the ultimate goal of 
bioventing. Amendments are made through the 
addition of nutrients and moisture to promote bio-
remediation. This method has become more prev-
alent than other in situ bioremediation methods, 

particularly for cleaning up areas where light pe-
troleum compounds have been spilled [43]. The 
pump-treat (P&T) approach includes the extrac-
tion of polluted groundwater out of the earth and 
treating it with well-known techniques such as air 
flotation, precipitation, ion exchange, and others 
before its back reinjection into aquifer, or mixing 
it with the surface water [44].

One of the major technologies that have 
been developed as alternatives to the pump and 
treat approach for the treatment of the polluted 
groundwater is permeable reactive barriers. PRB 
is a novel in-situ approach commonly used to 
treat polluted groundwater [45]. Permeable reac-
tive barriers had been signified as the most appro-
priate remediation technology that can be utilized 
to remove the contaminants such as heavy metals, 
the chlorinated solvents, the aromatic hydrocar-
bons and carbonates. The reactive media used to 
remove pollutants is the most important criterion 
for a successful PRB [46]. 

In comparison to traditional technologies used 
in contaminated groundwater treatment, PRB is a 
significant in the situ remediation technology for 
contaminated groundwater that has been used for 
decades. The benefits of PRB include inexpensive 
operating costs, limited requirements for ground 
area, and no external power [47, 48]. PRB is a 
revolutionary groundwater cleanup technology 
that is employed all over the world. To facilitate 
waste disposal, this method combines adsorption, 
chemical precipitation, and degradation processes 
to induce physical, chemical, or biological reac-
tions between contaminants and reactive com-
pounds included in barriers [11, 49]. Because of 
the cheap operation cost, longevity of media, and 
hydraulic performance, the in-situ application of 
PRB has sparked a lot of attention [50–52]. Per-
meable reactive barriers are a flexible containment 
method since they are a passive way to remove 
pollutants from groundwater. They can apply the 
reactive media to a range of locations and pollut-
ants by making the right choice. The capacity of 
reactive media to remove site-specific contami-
nants determines how well they work with PRBs. 
Several materials can be served as reactive media 
(adsorbent) in PRB technology. 

Permeable reactive barrier technology

Permeable reactive barriers were initially re-
ported by [53]. The idea underlying a PRB is very 
simple. A passive treatment system develops by 
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placing reactive material in the subsurface where a 
plume of the contaminated ground water must pass 
through it while it flows, often under its natural 
gradient Figure 2. The treated water exits the other 
side. The PRB acts as a barrier to the contaminant 
but not as a barrier to the water. PRBs are able 
to remediate a variety of pollutants to regulatory 
concentration goals when correctly developed and 
deployed. It is now anticipated that these systems 
will require very little, if any, maintenance after in-
stallation for a minimum of five to 10 years. Only 
routine compliance and performance monitoring 
should incur operational expenditures [54]. 

USEPA (1989) defined PRB as “an emplace-
ment of reactive media in the sub-surface designed 
to intercept a contaminated plume, provide a flow 
path through the reactive media and transform 
the contaminant(s) into environmentally accept-
able forms to attain remediation concentration 
goals down gradient of the barrier”. The operat-
ing idea of PRBs is basing on the placement of a 
reactive medium across the flow the path of the 
contaminated plume, which is then driven to mi-
grate within the reactive medium in the subsur-
face by the natural groundwater gradient. Chemi-
cal, physical, and/or biological reactions between 
the reactive medium and contaminants cause the 
contaminants to degrade and/or deposit as they 
pass through the reactive media, completing the 
process of remediation before the groundwater 
returns to the natural aquifer (Shabalala, 2013).

The porous material used for making PRBs re-
acts when toxins in the groundwater seep through 

it. If contaminants remain in the reactive medium 
long enough for the rate-limited reactions to take 
place, PRBs offer containment. PRBs are cur-
rently developed with the assumption that the 
PRB and aquifer are homogeneous and isotropic. 
The specific type of reactive material employed 
affects PRBs’ capability to remove pollutants. 
While some reactive media function by physically 
removing contaminants, others alter the biogeo-
chemical processes throughout the treatment zone, 
creating favorable circumstances for contaminant 
immobilization or (bio) decomposition. To elimi-
nate pollutants such heavy metals, the chlorinated 
solvents, the aromatic hydrocarbons, and the pes-
ticides, a number of materials have been used [57].

The PRBs are filled with reactive media and 
have typical dimensions of 5 m as a width (paral-
lel to flow), 10m as a depth, and 50 m as a length 
(transverse to flow). To optimize the hydraulic 
behavior of this barrier, inert media like sand 
can be combined with the reactive materials .In 
order to calculate the appropriate width of PRB, 
determining the longevity, field monitoring, and 
geochemical numerical modeling are required. 
The key regulating elements for longevity are the 
groundwater flow rate and the amount of reactive 
media consumed [58]. The reactive materials ei-
ther immobilize or transform the pollutants (bio-
logically or abiotically), such that treated ground-
water flowing down the PRB’s hydraulic gradi-
ent shouldn’t endanger water resources or other 
receptors [59]. Some reactive mediums remove 
contaminants via physical contact, while others 

Figure 2. Permeable reactive barrier technology 
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modify biogeochemical processes in the treat-
ment zone, allowing chemicals to be immobilized 
or degraded. A number of materials have been 
used as reactive media for removing pollutants 
including pesticides, the heavy metals, the chlo-
rinated solvents, and the aromatic hydrocarbons 
[60]. In addition to groundwater reclamation, us-
ing less virgin resources and other inexpensive re-
active media that are made from industrial waste 
or byproducts can help reduce the effects of PRBs 
on the ecosystem [61]

Configuration of PRB

Two most configurations of PRB, the first one 
is continuous PRB and the other one is funnel and 
grate PRB Figure 3. The funnel and grate system 
comprises permeable gate (as a reactive media) lo-
cated between 2 impermeable walls, which direct 
the polluted plume towards reactive media. The 
continuous configuration of PRB comprises a sin-
gle reactive zone placed across the contaminated 
plume. The decision between the two configuration 
is depending on hydrogeological parameters of site 
as and the reactive materials cost [62]. The funnel 
and gate configuration is recommended when de-
sign of PRB due to zone requires less reactive [63].

As a result, balance must be established be-
tween the reactive material cost and cost of bar-
rier construction based on the contaminants to be 
removed and the removal level required. Both 
configuration have required some excavation and 
have only reached relatively modest depths of 50 
to 70 feet. Some of these emplacement restric-
tions may be addressed by newer means for in-
serting reactive media, such as injecting slurries, 
hydro fracturing, driving mandrels, etc.[54]. Ad-
ditionally, when the contaminant distribution is 
not uniform, the configuration of radial filtration/

caisson, in which the filter is positioned in a cy-
lindrical shape of the reactive media surrounded 
by the coarse material within a core of course ma-
terials, can better homogenize the pollutant con-
centration when entering the PRB gate. By using 
a hydraulic gradient, there must also be a radial 
centripetal flow. By increasing the contact dura-
tion between pollutant and reactive barrier, the 
third kind of the PRB has a lengthy lifespan and a 
superior treatment effectiveness [64].

Funnel and gate PRB system

Starr & Cherry (1994) proposed the term “fun-
nel and gate”, which was initially discussed by 
[53]. A funnel and gate system is a passive re-
mediation technique that changes flow patterns 
so that groundwater mostly flows via high con-
ductivity gaps (the gates) by using cutoff barriers 
(the funnel). The system would need to go down 
between 60 and 70 feet, at least 25 feet of which 
would be in the zone of extremely dense weath-
ered rock. Additionally, it can be placed directly 
below contamination source zones to stop con-
taminants from flowing into plumes or at the front 
of plumes to stop further plume moving. The fun-
nel and gate system’s key benefit is its ability to 
perform without any need for pumping, extensive 
contaminated soil excavation above subsurface 
treatment stations, or offsite disposal. Addition-
ally, polluted groundwater may be guided through 
a regulated reactive zone in the soil by the present 
natural groundwater flow and isolation barriers 
(funnel). Depending on the site-specific circum-
stances, funnel-and-gate technology has long-
term cost savings of roughly 50%. It also requires 
little to no maintenance. Additionally, because the 
system does not require aboveground structures, 
there are no restrictions on how the property may 

Figure 3. (a) Continuous PRB, (b) funnel and gate PRB
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be used. The funnel must be defect-free and have 
a lower hydraulic conductivity than the aquifer, 
but the gate must possess a greater hydraulic con-
ductivity than the aquifer (Starr & Cherry, 1994). 

Configuration of funnel and gate PRB

The funnel and gate PRB can be adapted to 
have numerous gates in an exceedingly large con-
taminated plume or highly heterogeneous aquifer 
[67]. Under site-specific conditions, different fun-
nel extensions in Figure 4 (a, b, c, and d) are occa-
sionally used to capture plumes. In the funnel and 
gate system, the barrier length must be greater than 
the lateral extent of the plume. Bentonite and slur-
ry soil mix, as well as a variety of other reactive 
ingredients, can be used to make the gate material. 
These systems are passively operated in order to 
provide a natural gradient for plume flow toward 
the reactive barrier. Due to some specific contami-
nation characteristics, funnel gate PRB may offer 
one or more extensive treating areas to maximize 
groundwater pollution plume capture. The fun-
nel and gate PRB has a smaller reaction zone and 
easier to remove and replace when reactive PRB 
is blocked by means of sediments and particles of 
fine soil. Furthermore, numerous funnel-gate PRB 
systems can be set up concurrently in parallel or 
series, depending on the site requirements [63]. 
The funnel-and-gate design alters the ground-wa-
ter flow more than the continuous PRB does be-
cause of the funnels. To prevent diverting the flow-
ing waters around the reactive zone, it is important 
in both designs to maintain the permeability of the 

reactive zone at a level that is equivalent to or high-
er than the permeability of the aquifer [54].

Reactive and impermeable 
(filling) media selection 

Industrial pollution of geologic media has 
been a severe issue, posing a threat to the reli-
able supply of groundwater resources and human 
safety. Because of the difficulty in recognizing 
and remediating contaminated deep subterranean 
environments, pollution of hard rock aquifers is a 
particularly critical concern. The performance of 
PRB for contaminant removal in groundwater is 
determined by the reactive material, barrier struc-
ture and design, and aquifer conditions. In under-
ground conditions, the reactive material must be 
physically stable, chemically reactive, not solu-
ble, remain reactive, available with acceptable 
cost, and hydraulically permeable for extended 
periods of time [68, 69]. The permeable material 
ought to be porous and possess a different perme-
ability than the aquifer [70]. 

The bed of the reactive media in a PRB ac-
complishes chemical and physical processes in 
addition to biological transformations of the pol-
lutants. Sorption is a physical process in which 
contaminants are immobilized by adsorption 
without changing their chemical state. Permeable 
barriers should be constructed with a reactive 
media which is appropriate for the subsurface en-
vironment. When reactive medium reacting with 
components in the contaminated plume, the me-
dium should not cause any potentially hazardous 

Figure 4. Different configuration of funnel and gate PRB
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chemical reactions or byproducts, nor should it 
act as a potential source of the contaminants. To 
keep PRB in low cost, the reactive materials must 
last for a long time (i.e., it must not be depleted in 
reactivity or easily soluble) and it must be easily 
accessible at a low to a moderate cost. This mate-
rial must not possess an overly small particle size, 
and it must not include a large range varying size 
particles that could cause groundwater flow limi-
tations [68]. Reactive and adsorptive materials are 
placed in the course of migrating and contami-
nated groundwater using the PRB approach. Con-
taminants are either adsorbed onto the reactive 
material surface or converted into less hazardous 
molecules as groundwater passes through the bar-
rier before being discharged into the surrounding 
environment [71]. The impermeable funnel of the 
funnel-and-gate PRB is typically built via slurry 
wall installation. One of the most popular wall 
types are soil/bentonite, cement/bentonite, and 
composite slurry walls with soil/ bentonite. De-
pending on the required depth, a backhoe, a modi-
fied backhoe, or a clamshell digger are typically 
used to dig a slurry trench. The trench is filled with 
the proper slurry to keep it stable. Depending on 
the slurry used, a completely hydrated filter cake 
of bentonite or composite forms along the side-
walls as it seeps into the excavation’s sides. The 
trench is filled with soil and bentonite. Slurry wall 
building takes longer and costs more money than 
sheet piling [72]. Clay deposits, Carboniferous 
rocks, and steel sheet piling are used as an imper-
meable funnel in the funnel and gate PRB [73,74].

Designing and installation consideration 

Several factors should be taken into account 
when designing funnel-gate PRB configurations. 
The hydrogeological features of the aquifer, such 
as hydraulic conductivity, hydraulic gradient, and 
aquifer heterogeneity, are essential elements that 
influence PRB performance among the field cir-
cumstances. Many reliable data from the site is 
essential while designing of PRB. Typically, work 
begins with a review of historical or other existing 
data as well as observations from the location. The 
configuration design methodology is based on how 
long pollutants remain in the reactive media. In 
contrast, there are not many useful resources in lit-
eratures for designing funnel-and-gate PRBs, and 
those that are accessible tend to be heavily hydrau-
lic in nature [6–8]. Design of such PRBs, however, 
is dependent on 3 technical considerations: (a) the 

reactive media should be suitable for the pollut-
ants, (b) Filter’s sizes must be sufficient to allow 
a satisfactory residence period, and (c) the reac-
tive material should have a satisfactory hydraulic 
conductivity to avoid any bypass of the system . 
The first factor is a crucial consideration in the de-
sign of PRBs, and when installing any PRB sys-
tem, special attention must be paid for selecting 
reactive or sorbent materials. As a result, having a 
good understanding of the site’s history aids in the 
right design of PRB [77]. Dimensions are the most 
significant parameters in PRB design. The barrier 
should be long enough for treating the plume en-
tire width (dimension perpendicular to the flow of 
groundwater) and be keyed into an impermeable 
layer. The goal is to identify the best thickness of 
a PRB that will allow impurities to be reduced to 
the required effluent concentration in a reason-
able amount of time. This is required for deciding 
where PRBs should be placed as well as calculat-
ing PRB dimensions and lifetime. The suitability 
of a location for PRB treatment is determined by 
factors such as hydraulic conductivity, soil poros-
ity, hydraulic gradient, and the chemical make-
up of the groundwater [78]. The performance of 
PRBs can improve, but it needs recommendations 
obtained from various larger-scale and pilot opera-
tions. PRBs are undoubtedly necessary at the mo-
ment, but for better comprehension, a more pro-
gramming-based approach is preferred [79]. 

The need that the entire contamination plume 
flows through the reactive gate of specified thick-
ness (b) at a specific velocity (v) is a crucial con-
dition of successful remediation. That is, the con-
taminant will come into touch with the reactive 
medium within a certain time frame (residential 
time). It is critical to build a reactive gate with 
suitable thickness. The following equation can be 
used to calculate the thickness of the PRB wall. 
Design of reactive gate width B and PRB form 
(length of impermeable walls L and its connec-
tion angle) should also be considered [80].
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 (10)

where: b – reactive gate thickness, v – the ground-
water velocity in the reactive media, the 
factor tres is time residence required, SF  
– a certain safety factor.

PRBs are mainly limited to depths of less than 
20 m, and so are not viable for contamination at 
deeper depths [81]. Right angle used between all 
funnels and side walls was based on the literatures 
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of they discovered that in isotropic aquifers with 
little variation in groundwater flow direction, this 
was the most efficient configuration [65] . The de-
sign of PRBs is carried out using numerical meth-
ods or simulators, which are effective for predicting 
scenarios and evaluating the resulting groundwater 
flow systems in relation to specific site characteris-
tics. In the search for the best PRB designs, numer-
ical models can be extremely useful. The hydro-
geologic (groundwater movement), geochemical 
(chemical reactions), and economic components of 
the system all require modeling (construction and 
operational costs). Numerical approaches, on the 
other hand, are complex and can result in consider-
able mistakes if the discretization is too coarse or 
the alignment is incorrect [82].

Designing a sorption based PRB necessitates 
an awareness of the site’s main characteristics as 
well as the medium that will be used to construct 
the barrier. Installation of PRBs can be affected by 
geological features such as too hard lithological 
structures that are difficult to excavate, and some-
times the holding media is not cemented, causing 
filler material emplacement to be disrupted. The 
existence of pebbles and cobbles can also make 
excavation of filling sites difficult, necessitating 
prior knowledge of the lithological layers corre-
sponding to aquifers’ stratigraphy. The emplace-
ment location must be tested, and geotechnical 
testing can assist in identifying the following 
qualities, which are (i) clays, sand, and silts hav-
ing different shear strength and cohesion qualities, 
(ii) the materials’ dryness and wetness fractions, 
(iii) the size of grain in the different layers discov-
ered in the site, and (iv) the density of the discov-
ered materials [79]. The Darcy variables are key 
parameters that must be considered in a specific 
location in order to understand the unique proper-
ties of that location. The most favorable condition 
for PRBs installation is GW leakage rates (<0.3 
m/d or 109.7 m/year). Higher speeds may operate 
as a constraint on the PRB’s response. Pollutants 
that are typically broken down into additional con-
taminants after being degraded by reactive media, 
such as chlorinated solvents, take much longer to 
degrade than contaminants with lower significance 
rates. For various cases, different PRB layouts are 
required [83]. Although a few solutions for deep-
er installations have been found, the majority of 
experience with permeable treatment wall instal-
lation is with relatively shallow emplacements 
(10 m) utilizing typical geotechnical design and 
construction approaches. In the simplest situation, 

a trench of the required width can be excavated 
and backfilled with reactive material to intercept 
the contaminated layer. Normally, this approach 
would be limited to modest depths in geologic 
materials that are stable [53]. 

The cost consideration of installing a PRB 
is determined by geology, hydrogeological fac-
tors (such as aquifer depth and thickness), PRB 
configuration, and installation methods. In gen-
eral, the cost of a PRB application is determined 
by the depth and length of the PRB. The higher 
the prices, the longer the PRB and the deeper the 
aquifer. Trenching wall can cost up to 70% of the 
entire building cost since it necessitates the use 
of specialized equipment. Material prices are low, 
accounting for just around 5–10% of overall in-
stallation expenses; however, delivery to the job 
site must be factored in [73]. Consequently, the 
researchers came at the following conclusions for 
PRB design after simulating many scenarios: 
 • The width of funnel-gate PRB catch zone is 

proportionate to the discharge flow passing 
through the gate.

 • The 180 degree (straight) funnel provides 
greatest capture zone for any single direction 
of flow, but not the largest composite capture 
zone when flow directions change.

 • Achieve balance between the size of the gate’s 
capture of zone and the amount of time pol-
luted groundwater is retained in the gate.

 • As Kgate/Kaquifer increases to Kgate/Kaqui-
fer = 10, discharge via the gate (of a particular 
design) increases exponentially. 

 • High hydraulic conductivity reactive materi-
als usually have large grain sizes and thus low 
surface area-to-mass ratios. As a result, reac-
tion rates are often lower and residence times 
are shorter. Making the gates longer in the 
direction of groundwater flow could readily 
lengthen the residence duration (without sig-
nificantly impacting the capture zone) to cor-
rect this condition. The establishing of the fun-
nel and gate PRB will alter the hydrodynamics 
of groundwater and slow down how quickly 
contaminants react in the monitoring well. us-
ing of funnel and gate permeable reactive bar-
rier (FGPRB) for treating groundwater pollu-
tion is a successful strategy [84]. Important 
elements including the hydraulic capture zone 
and residence time must be considered when 
establishing a funnel and gate. The hydraulic 
capture zone is the length of the groundwater 
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zone that will pass through the gate as opposed 
to under, over, or around the barrier [73] .

REACTION MECHANISMS 
IN GROUNDWATER

Permeable reactive barriers are representing a 
flexible containment method since they are a pas-
sive way to remove pollutants from groundwa-
ter. They can apply the reactive media to a range 
of locations and pollutants by making the right 
choice. The capacity of reactive media to remove 
site-specific contaminants determines how well 
they work with PRBs. 
 • Precipitation, an immobilization technique, 

can remove heavy metals from groundwater. 
Using PRBs consisting of medium contain-
ing mildly sulfate-reducing bacteria or solu-
ble salts, heavy metals can be removed from 
groundwater. Groundwater dissolves barrier 
salts or bacterial salts, which then form com-
pounds with heavy metals in the aqueous 
phase. Heavy metal complexes precipitate out 
of the groundwater within or downstream of 
the PRB because they are less soluble than 
metal ions. 

 • Volatilization and biodegradation – through 
volatilization and biodegradation, respec-
tively, it is possible to remove septic waste 
(i.e. phosphorus and nitrogen) or petroleum 
chemicals (i.e. nitrogen and phosphorus) from 
groundwater. Barriers that depend on bio-
degradation and volatilization are made of 
permeable media containing oxygen release 
chemicals (ORCs) or coarse-grained media 
that has been injected with air. Contaminants 
injected through PRBs into the air volatilize in 
the stream and are carried to the surface where 
they are recovered or released into the atmo-
sphere. Additionally, oxygen generated by 
ORC or pumped into groundwater increases 
its dissolved oxygen content, which encourag-
es the aerobic biodegradation of contaminants 
within and downstream of PRB [85].

 • Oxidation-reduction – utilizing oxidation-
reduction techniques, inorganic contaminants 
and halogenated organic compounds can be 
eliminated from groundwater. Some inorganic 
contaminants will precipitate if their valence 
state is altered [86]. 

 • Sorption – it is a retardation or immobilization 
mechanism which can be utilized in ground-
water to decrease the mobility of the organic 
compounds and metals. Wood chips, activated 
carbon, straw, peat, coal, paper sludge, shale, 
and tire chips are all possible mediums. Be-
cause pollutants sorb to the media, mobility 
of the organic compounds or metals entering 
a PRB made of these materials is decreased. 
Natural or increased breakdown (rate-limited 
reactions, decay, or biodegradation) within the 
barrier, or the excavation of contaminant-lad-
en sorbent is planned for the final disposal of 
the sorbed chemicals over time [87].

Sorption process modelling 

Two basic models were used for sorption pro-
cess modeling
 • Freundlich model: for the sorption isotherm 

model, Equation 11 solves the nonlinear regres-
sion principle. The Freundlich constants (Kf and 
n) are corresponding to adsorption capacity and 
adsorption intensity, respectively [88].

 

1 
 

𝐹𝐹 = −𝐷𝐷𝐷𝐷 ∗ (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑) (1) 

 
 
𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕 = 𝐷𝐷𝐷𝐷 ∗ (𝜕𝜕2𝑑𝑑

𝜕𝜕𝑑𝑑2) (2) 
 

 
𝐷𝐷∗ = 𝜏𝜏𝐷𝐷𝐷𝐷 (3) 
 
𝐹𝐹𝐹𝐹 = 𝑉𝑉𝐹𝐹𝑉𝑉 = 𝑣𝑣

𝑛𝑛 𝑉𝑉 (4) 
 
 
 𝐷𝐷𝐿𝐿 =  𝛼𝛼𝐿𝐿𝑉𝑉𝐿𝐿 + 𝐷𝐷∗ (5) 
 
 
 𝐷𝐷𝑇𝑇 =  𝛼𝛼𝑇𝑇𝑉𝑉𝑇𝑇 +  𝐷𝐷∗ (6) 
 
 
𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (7) 
 
 
  𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 + 𝐷𝐷𝑦𝑦

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑦𝑦2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (8) 
 
 𝑅𝑅 = 1 + 𝜌𝜌𝜌𝜌

𝑛𝑛  𝜕𝜕𝜕𝜕
𝜕𝜕𝐶𝐶 (9) 

 
𝑏𝑏 = 𝑣𝑣 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝑆𝑆𝐹𝐹 (10) 
 
𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝑉𝑉𝑒𝑒

1 𝑛𝑛⁄  (11) 
 
 
 𝑞𝑞𝑒𝑒 = 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚𝜌𝜌𝐶𝐶𝑒𝑒

1+𝜌𝜌𝐶𝐶𝑒𝑒
 (12) 

 
𝑞𝑞𝜕𝜕 = 𝑞𝑞𝑒𝑒(1 − e−𝑘𝑘1𝜕𝜕) (13) 
 
𝑞𝑞𝜕𝜕 = 𝑘𝑘2𝜕𝜕𝑒𝑒2𝜕𝜕

(1+𝑘𝑘2𝜕𝜕𝑒𝑒𝜕𝜕) (14) 
 

𝑞𝑞𝜕𝜕 = 𝑘𝑘𝑖𝑖𝑛𝑛𝜕𝜕𝑡𝑡0.5 + 𝑉𝑉 (15) 
 
𝐶𝐶

𝐶𝐶𝑜𝑜
= 1

1+exp(𝐾𝐾𝑇𝑇
𝑄𝑄 𝜕𝜕𝑞𝑞−𝐾𝐾𝑇𝑇𝐶𝐶𝑜𝑜𝜕𝜕)

 (16) 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1 + erf [
(𝜕𝜕−𝜕𝜕𝑜𝑜) exp(−𝜎𝜎( 𝑡𝑡

𝑡𝑡𝑜𝑜
))

√2𝜎𝜎𝜕𝜕𝑜𝑜
] (17) 

 
 

 (11)

 • Langmuir model: Equation (12) describes 
sorption data, especially for the consistent ad-
sorption energies on the sorbent surface. It also 
justifies why adsorbed chemical species on un-
occupied sites do not interact. The Langmuir 
model is used to determine the greatest sorp-
tion capacity (qmax, mg/g) of sorbent [89]. 

 

1 
 

𝐹𝐹 = −𝐷𝐷𝐷𝐷 ∗ (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑) (1) 

 
 
𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕 = 𝐷𝐷𝐷𝐷 ∗ (𝜕𝜕2𝑑𝑑

𝜕𝜕𝑑𝑑2) (2) 
 

 
𝐷𝐷∗ = 𝜏𝜏𝐷𝐷𝐷𝐷 (3) 
 
𝐹𝐹𝐹𝐹 = 𝑉𝑉𝐹𝐹𝑉𝑉 = 𝑣𝑣

𝑛𝑛 𝑉𝑉 (4) 
 
 
 𝐷𝐷𝐿𝐿 =  𝛼𝛼𝐿𝐿𝑉𝑉𝐿𝐿 + 𝐷𝐷∗ (5) 
 
 
 𝐷𝐷𝑇𝑇 =  𝛼𝛼𝑇𝑇𝑉𝑉𝑇𝑇 +  𝐷𝐷∗ (6) 
 
 
𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (7) 
 
 
  𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 + 𝐷𝐷𝑦𝑦

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑦𝑦2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (8) 
 
 𝑅𝑅 = 1 + 𝜌𝜌𝜌𝜌

𝑛𝑛  𝜕𝜕𝜕𝜕
𝜕𝜕𝐶𝐶 (9) 

 
𝑏𝑏 = 𝑣𝑣 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝑆𝑆𝐹𝐹 (10) 
 
𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝑉𝑉𝑒𝑒

1 𝑛𝑛⁄  (11) 
 
 
 𝑞𝑞𝑒𝑒 = 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚𝜌𝜌𝐶𝐶𝑒𝑒

1+𝜌𝜌𝐶𝐶𝑒𝑒
 (12) 

 
𝑞𝑞𝜕𝜕 = 𝑞𝑞𝑒𝑒(1 − e−𝑘𝑘1𝜕𝜕) (13) 
 
𝑞𝑞𝜕𝜕 = 𝑘𝑘2𝜕𝜕𝑒𝑒2𝜕𝜕

(1+𝑘𝑘2𝜕𝜕𝑒𝑒𝜕𝜕) (14) 
 

𝑞𝑞𝜕𝜕 = 𝑘𝑘𝑖𝑖𝑛𝑛𝜕𝜕𝑡𝑡0.5 + 𝑉𝑉 (15) 
 
𝐶𝐶

𝐶𝐶𝑜𝑜
= 1

1+exp(𝐾𝐾𝑇𝑇
𝑄𝑄 𝜕𝜕𝑞𝑞−𝐾𝐾𝑇𝑇𝐶𝐶𝑜𝑜𝜕𝜕)

 (16) 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1 + erf [
(𝜕𝜕−𝜕𝜕𝑜𝑜) exp(−𝜎𝜎( 𝑡𝑡

𝑡𝑡𝑜𝑜
))

√2𝜎𝜎𝜕𝜕𝑜𝑜
] (17) 

 
 

 (12)

where: b – the adsorbent particles – contaminant 
molecules affinity measured in (L/mg). 

Sorption kinetic models

Two conventional models are listed in Equa-
tions (13 and 14) for formulation of kinetic data. 
These models are applied in a wide range of ad-
sorption process, involving nanomaterials and 
biomass as sorbents, as well as medicines and 
heavy metals as contaminants. Pseudo first order 
model: is popular formula Equation 13 used to 
describe the rate of solute adsorption :
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 (13)

where: k1 – rate constant for the model (1/min).; 
the quantities qt and qe (mg/g) are the 
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amounts of solute retained on the sor-
bent particles at a time t and equilibrium, 
respectively.

Pseudo second order model: assumes that 
single layer of the solute adheres to the adsorbent 
particles, that the sorption energy cannot vary 
for each sorbent, and that there is no interaction 
between the sorbed chemicals. It is written as in 
Equation 8. [90]

  

1 
 

𝐹𝐹 = −𝐷𝐷𝐷𝐷 ∗ (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑) (1) 

 
 
𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕 = 𝐷𝐷𝐷𝐷 ∗ (𝜕𝜕2𝑑𝑑

𝜕𝜕𝑑𝑑2) (2) 
 

 
𝐷𝐷∗ = 𝜏𝜏𝐷𝐷𝐷𝐷 (3) 
 
𝐹𝐹𝐹𝐹 = 𝑉𝑉𝐹𝐹𝑉𝑉 = 𝑣𝑣

𝑛𝑛 𝑉𝑉 (4) 
 
 
 𝐷𝐷𝐿𝐿 =  𝛼𝛼𝐿𝐿𝑉𝑉𝐿𝐿 + 𝐷𝐷∗ (5) 
 
 
 𝐷𝐷𝑇𝑇 =  𝛼𝛼𝑇𝑇𝑉𝑉𝑇𝑇 +  𝐷𝐷∗ (6) 
 
 
𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (7) 
 
 
  𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 + 𝐷𝐷𝑦𝑦

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑦𝑦2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (8) 
 
 𝑅𝑅 = 1 + 𝜌𝜌𝜌𝜌

𝑛𝑛  𝜕𝜕𝜕𝜕
𝜕𝜕𝐶𝐶 (9) 

 
𝑏𝑏 = 𝑣𝑣 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝑆𝑆𝐹𝐹 (10) 
 
𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝑉𝑉𝑒𝑒

1 𝑛𝑛⁄  (11) 
 
 
 𝑞𝑞𝑒𝑒 = 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚𝜌𝜌𝐶𝐶𝑒𝑒

1+𝜌𝜌𝐶𝐶𝑒𝑒
 (12) 

 
𝑞𝑞𝜕𝜕 = 𝑞𝑞𝑒𝑒(1 − e−𝑘𝑘1𝜕𝜕) (13) 
 
𝑞𝑞𝜕𝜕 = 𝑘𝑘2𝜕𝜕𝑒𝑒2𝜕𝜕

(1+𝑘𝑘2𝜕𝜕𝑒𝑒𝜕𝜕) (14) 
 

𝑞𝑞𝜕𝜕 = 𝑘𝑘𝑖𝑖𝑛𝑛𝜕𝜕𝑡𝑡0.5 + 𝑉𝑉 (15) 
 
𝐶𝐶

𝐶𝐶𝑜𝑜
= 1

1+exp(𝐾𝐾𝑇𝑇
𝑄𝑄 𝜕𝜕𝑞𝑞−𝐾𝐾𝑇𝑇𝐶𝐶𝑜𝑜𝜕𝜕)

 (16) 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1 + erf [
(𝜕𝜕−𝜕𝜕𝑜𝑜) exp(−𝜎𝜎( 𝑡𝑡

𝑡𝑡𝑜𝑜
))

√2𝜎𝜎𝜕𝜕𝑜𝑜
] (17) 

 
 

 
(14)

where: k2 – the rate constant for 2nd order model 
(g/mg min).

Intra-particle diffusion model: is developed 
by Weber and Morris as follows :

 

1 
 

𝐹𝐹 = −𝐷𝐷𝐷𝐷 ∗ (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑) (1) 

 
 
𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕 = 𝐷𝐷𝐷𝐷 ∗ (𝜕𝜕2𝑑𝑑

𝜕𝜕𝑑𝑑2) (2) 
 

 
𝐷𝐷∗ = 𝜏𝜏𝐷𝐷𝐷𝐷 (3) 
 
𝐹𝐹𝐹𝐹 = 𝑉𝑉𝐹𝐹𝑉𝑉 = 𝑣𝑣

𝑛𝑛 𝑉𝑉 (4) 
 
 
 𝐷𝐷𝐿𝐿 =  𝛼𝛼𝐿𝐿𝑉𝑉𝐿𝐿 + 𝐷𝐷∗ (5) 
 
 
 𝐷𝐷𝑇𝑇 =  𝛼𝛼𝑇𝑇𝑉𝑉𝑇𝑇 +  𝐷𝐷∗ (6) 
 
 
𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (7) 
 
 
  𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 + 𝐷𝐷𝑦𝑦

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑦𝑦2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (8) 
 
 𝑅𝑅 = 1 + 𝜌𝜌𝜌𝜌

𝑛𝑛  𝜕𝜕𝜕𝜕
𝜕𝜕𝐶𝐶 (9) 

 
𝑏𝑏 = 𝑣𝑣 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝑆𝑆𝐹𝐹 (10) 
 
𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝑉𝑉𝑒𝑒

1 𝑛𝑛⁄  (11) 
 
 
 𝑞𝑞𝑒𝑒 = 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚𝜌𝜌𝐶𝐶𝑒𝑒

1+𝜌𝜌𝐶𝐶𝑒𝑒
 (12) 

 
𝑞𝑞𝜕𝜕 = 𝑞𝑞𝑒𝑒(1 − e−𝑘𝑘1𝜕𝜕) (13) 
 
𝑞𝑞𝜕𝜕 = 𝑘𝑘2𝜕𝜕𝑒𝑒2𝜕𝜕

(1+𝑘𝑘2𝜕𝜕𝑒𝑒𝜕𝜕) (14) 
 

𝑞𝑞𝜕𝜕 = 𝑘𝑘𝑖𝑖𝑛𝑛𝜕𝜕𝑡𝑡0.5 + 𝑉𝑉 (15) 
 
𝐶𝐶

𝐶𝐶𝑜𝑜
= 1

1+exp(𝐾𝐾𝑇𝑇
𝑄𝑄 𝜕𝜕𝑞𝑞−𝐾𝐾𝑇𝑇𝐶𝐶𝑜𝑜𝜕𝜕)

 (16) 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1 + erf [
(𝜕𝜕−𝜕𝜕𝑜𝑜) exp(−𝜎𝜎( 𝑡𝑡

𝑡𝑡𝑜𝑜
))

√2𝜎𝜎𝜕𝜕𝑜𝑜
] (17) 

 
 

 (15)
where: kint – rate constant for the diffusion model 

(mg/g min0.5), and the intercept value can 
be illustrated by C [91].

MODELING OF BREAKTHROUGH CURVES 

Optimizing and modeling have become es-
sential to modern environmental management. 
Growing concerns about balanced development 
prompted several agencies responsible for envi-
ronmental quality to seek new methods to save 
energy and operating expenses. For environmen-
tal study and data comparison, numerical and 
statistical methods are most typically used [92]. 
Analytical models are useful for addressing rela-
tively easy and generalized contamination trans-
port problems, whereas numerical models are 
used to simulate real-world contamination trans-
fer [93]. Various models and software programs 
may be a good choice to explain the contaminant 
front propagation by drawing the measurement 
of normalized concentration (C/Co) against travel 
time. Where, C and Co (mg/L) are outlet and inlet 
concentrations, respectively:
 • Thomas-BDST model – it can be employed 

to anticipate the spread of breakthrough curve 
and the sorbent’s maximal solute sorption. It 
is presumed that the column has no axial dis-
persion and that rate of sorption follows the 
Langmuir isotherm with the pseudo-2nd or-
der kinetics. In contrast to the Adams-Bohart 
model, the Thomas model is appropriate for 
presenting the whole breakthrough curve. The 

below equation can be exploited to explain 
this model [94]: 

 

1 
 

𝐹𝐹 = −𝐷𝐷𝐷𝐷 ∗ (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑) (1) 

 
 
𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕 = 𝐷𝐷𝐷𝐷 ∗ (𝜕𝜕2𝑑𝑑

𝜕𝜕𝑑𝑑2) (2) 
 

 
𝐷𝐷∗ = 𝜏𝜏𝐷𝐷𝐷𝐷 (3) 
 
𝐹𝐹𝐹𝐹 = 𝑉𝑉𝐹𝐹𝑉𝑉 = 𝑣𝑣

𝑛𝑛 𝑉𝑉 (4) 
 
 
 𝐷𝐷𝐿𝐿 =  𝛼𝛼𝐿𝐿𝑉𝑉𝐿𝐿 + 𝐷𝐷∗ (5) 
 
 
 𝐷𝐷𝑇𝑇 =  𝛼𝛼𝑇𝑇𝑉𝑉𝑇𝑇 +  𝐷𝐷∗ (6) 
 
 
𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (7) 
 
 
  𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 + 𝐷𝐷𝑦𝑦

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑦𝑦2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (8) 
 
 𝑅𝑅 = 1 + 𝜌𝜌𝜌𝜌

𝑛𝑛  𝜕𝜕𝜕𝜕
𝜕𝜕𝐶𝐶 (9) 

 
𝑏𝑏 = 𝑣𝑣 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝑆𝑆𝐹𝐹 (10) 
 
𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝑉𝑉𝑒𝑒

1 𝑛𝑛⁄  (11) 
 
 
 𝑞𝑞𝑒𝑒 = 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚𝜌𝜌𝐶𝐶𝑒𝑒

1+𝜌𝜌𝐶𝐶𝑒𝑒
 (12) 

 
𝑞𝑞𝜕𝜕 = 𝑞𝑞𝑒𝑒(1 − e−𝑘𝑘1𝜕𝜕) (13) 
 
𝑞𝑞𝜕𝜕 = 𝑘𝑘2𝜕𝜕𝑒𝑒2𝜕𝜕

(1+𝑘𝑘2𝜕𝜕𝑒𝑒𝜕𝜕) (14) 
 

𝑞𝑞𝜕𝜕 = 𝑘𝑘𝑖𝑖𝑛𝑛𝜕𝜕𝑡𝑡0.5 + 𝑉𝑉 (15) 
 
𝐶𝐶

𝐶𝐶𝑜𝑜
= 1

1+exp(𝐾𝐾𝑇𝑇
𝑄𝑄 𝜕𝜕𝑞𝑞−𝐾𝐾𝑇𝑇𝐶𝐶𝑜𝑜𝜕𝜕)

 (16) 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1 + erf [
(𝜕𝜕−𝜕𝜕𝑜𝑜) exp(−𝜎𝜎( 𝑡𝑡

𝑡𝑡𝑜𝑜
))

√2𝜎𝜎𝜕𝜕𝑜𝑜
] (17) 

 
 

 (16)

where, M is defined as the mass of the packed sor-
bent (g), t (min) is corresponding to the 
time that has been elapsed, and Q (mL/
min) represents the pumped discharge, 
and KT (mL/mg/min) represents the 
Thomas rate constant.

 • Belter-Cussler-Hu model – it is a model pro-
posed by Chu (2004) for breakthrough curves 
as follows [95]:

 

1 
 

𝐹𝐹 = −𝐷𝐷𝐷𝐷 ∗ (𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑) (1) 

 
 
𝜕𝜕𝑑𝑑
𝜕𝜕𝜕𝜕 = 𝐷𝐷𝐷𝐷 ∗ (𝜕𝜕2𝑑𝑑

𝜕𝜕𝑑𝑑2) (2) 
 

 
𝐷𝐷∗ = 𝜏𝜏𝐷𝐷𝐷𝐷 (3) 
 
𝐹𝐹𝐹𝐹 = 𝑉𝑉𝐹𝐹𝑉𝑉 = 𝑣𝑣

𝑛𝑛 𝑉𝑉 (4) 
 
 
 𝐷𝐷𝐿𝐿 =  𝛼𝛼𝐿𝐿𝑉𝑉𝐿𝐿 + 𝐷𝐷∗ (5) 
 
 
 𝐷𝐷𝑇𝑇 =  𝛼𝛼𝑇𝑇𝑉𝑉𝑇𝑇 +  𝐷𝐷∗ (6) 
 
 
𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (7) 
 
 
  𝐷𝐷𝑑𝑑

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑑𝑑2 + 𝐷𝐷𝑦𝑦

𝜕𝜕2𝐶𝐶
𝜕𝜕𝑦𝑦2 − 𝑉𝑉𝑑𝑑

𝜕𝜕𝐶𝐶
𝜕𝜕𝑑𝑑 = 𝑅𝑅 𝜕𝜕𝐶𝐶

𝜕𝜕𝜕𝜕  (8) 
 
 𝑅𝑅 = 1 + 𝜌𝜌𝜌𝜌

𝑛𝑛  𝜕𝜕𝜕𝜕
𝜕𝜕𝐶𝐶 (9) 

 
𝑏𝑏 = 𝑣𝑣 ∗ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ∗ 𝑆𝑆𝐹𝐹 (10) 
 
𝑞𝑞𝑒𝑒 = 𝐾𝐾𝑓𝑓𝑉𝑉𝑒𝑒

1 𝑛𝑛⁄  (11) 
 
 
 𝑞𝑞𝑒𝑒 = 𝜕𝜕𝑚𝑚𝑚𝑚𝑚𝑚𝜌𝜌𝐶𝐶𝑒𝑒

1+𝜌𝜌𝐶𝐶𝑒𝑒
 (12) 

 
𝑞𝑞𝜕𝜕 = 𝑞𝑞𝑒𝑒(1 − e−𝑘𝑘1𝜕𝜕) (13) 
 
𝑞𝑞𝜕𝜕 = 𝑘𝑘2𝜕𝜕𝑒𝑒2𝜕𝜕

(1+𝑘𝑘2𝜕𝜕𝑒𝑒𝜕𝜕) (14) 
 

𝑞𝑞𝜕𝜕 = 𝑘𝑘𝑖𝑖𝑛𝑛𝜕𝜕𝑡𝑡0.5 + 𝑉𝑉 (15) 
 
𝐶𝐶

𝐶𝐶𝑜𝑜
= 1

1+exp(𝐾𝐾𝑇𝑇
𝑄𝑄 𝜕𝜕𝑞𝑞−𝐾𝐾𝑇𝑇𝐶𝐶𝑜𝑜𝜕𝜕)

 (16) 

 

𝐶𝐶
𝐶𝐶𝑜𝑜

= 1 + erf [
(𝜕𝜕−𝜕𝜕𝑜𝑜) exp(−𝜎𝜎( 𝑡𝑡

𝑡𝑡𝑜𝑜
))

√2𝜎𝜎𝜕𝜕𝑜𝑜
] (17) 

 
 

 (17)

where: erf[x] – refers to the x error function, t 
represents the residence time within a 
column, to – denotes the instant of time 
at which the effluent concentration equals 
half the influent concentration, and σ rep-
resents the standard deviation stands for 
a direct measurement of the straight part 
slope of breakthrough curve [96].

 • Yan model: [97]describes a statistical basis 
model of Yan with great precision of measure-
ments of the continuous experiments.

 

1 
 

 
 
 
 
 𝐶𝐶𝐶𝐶𝑜𝑜 =

1

1+((0.001×𝑄𝑄×𝐶𝐶𝑞𝑞𝑜𝑜𝑀𝑀
)×𝑡𝑡)

𝑎𝑎 (18) 

 

 (18)

where: M – represents the dry weight of adsorbents 
(g), qo – the greatest sorption capacity for 
sorbent (mg/g), and (a) estimates the re-
gression curve slope. This model also indi-
cates the Dose-Response (DR) model ex-
tensively applied in the scientific literature.

 •  Artificial neural network (ANN) model – 
ANN is used in a variety of applications, in-
cluding water quality modeling [98], manage-
ment of water quality [99], and nitrate con-
centration in groundwater [100]. The ANN 
model represents a data-driven model which 
mimics the operations of the biological neural 
networks in the brain of the human. ANN is 
made up of a variable number of units called 
neurons that can be joined together via con-
nections. In general, an ANN is made up of 
three distinct layers: the input, hidden, and 
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the output. Each layer incudes neurons with 
comparable characteristics [101, 102]. ANNs’ 
parallel distributed processors process data in-
formation from the input to the output via a 
network topology of the interconnected nodes. 
The computed input data in input and output 
layers corresponds to the network response 
of the current database or known as input pat-
tern, while the hidden or intermediate layer 
plays an essential turn in representing and es-
timating complicated relationships between 
patterns [103]. ANNs offer a wide range of 
applications in the research of groundwater 
quality. An ANN model was developed pre-
viously to determine the extent of a polluted 
zone in an aquifer following an unanticipated 
leak. The use of ANNs has grown in a variety 
of scientific and engineering domains. Many 
difficulties in groundwater investigations have 
been effectively solved utilizing ANNs [104]. 
The ANN models, being “black box” mod-
els with unique attributes, are well suited to 
simulating dynamic nonlinear systems [105]. 
The neural network has been programmed to 
solve a given problem by a process of learning 
that includes typical stimulation and response 
with the appropriate reaction; this varies from 
the classic modeling method, which requires 
the definition of an algorithm and the creation 
of a program [106]. An effective Levenberg-
Marquardt algorithm-based artificial neural 
network (LMA-BANN) model represents one 
of fastest backpropagation strategies for ad-
dressing least-squares of nonlinear problems 
[107]. The Levenberg-Marquardt algorithm, 
assembled independently by Kenneth Leven-
berg and Donald Marquardt, may be used to 
solve the problem of minimizing a nonlinear 
function numerically. This method is suitable 
for training small and medium-sized problems 
in artificial neural networks.

 • COMSOL Multiphysics Program – Version 
3.5a of COMSOL Multiphysics (2008), which 
was based on the older version of FEMLAB, 
was used to solve the boundary value issue 
previously described. This version may be 
used to analyze flow problems through porous 
media. Graduate students at Stockholm, Swe-
den’s Royal Institute of Technology provided 
codes for the COMSOL software (2005). 
Using PDE, this interactive tool is typically 
used to simulate and solve all engineering 
and scientific problems. It works out the finite 

element, adaptive/refinement meshing, and er-
ror control analysis procedures employing a 
variety of numerical solver packages. Solver 
and simulation software were employed to 
solve different systems of time-dependent or 
stationary second-order partial differential 
equations in space. Both 2D (quadrilateral/
triangular) and 3D (hexahedral/tetrahedral/
prism) meshes can be supported. Building 
models can be accomplished more effectively 
by defining the physical parameters (such as 
loads, material properties, constraints, fluxes, 
and sources) and directly correlating these 
expressions, variables, or numbers with solid 
boundaries, edges, domains, and points, re-
gardless of the calculated mesh, rather than 
by defining the fundamental equations. In 
COMSOL, the most fundamental focus is on 
how to generate a grid or a large mesh by ma-
nipulating a spatial domain in a discretized 
pattern into small cells and then applying an 
efficient method to solve the equations. Then, 
using either a flexible graphical user inter-
face or by writing a script in the COMSOL 
language, COMSOL may create a variety of 
PDE that internally reflects the whole model. 
The script is created in the computer language 
C++, ensuring that all compliance and author-
ity offered by this language are fully utilized. 
This opens the door to other useful benefits in-
cluding active memory supply, efficient data 
design, and a configurable solver (COMSOL 
User’s Manual, 2008). The base Multiphysics 
of COMSOL program’s eight add-on modules 
are crucial in extending the software’s capa-
bilities to cover fields of use including Heat 
Transfer, Earth Science, Chemical Engineer-
ing, and others.

CONCLUSIONS 

Permeable reactive barriers represent a flex-
ible containment method since they are a passive 
way to remove pollutants from groundwater. PRB 
technique provides financial benefits while also 
encouraging waste material reuse, so contributing 
to environmental sustainability. Funnel and gate 
PRB can offer one or more dense treatment ar-
eas for maximizing groundwater pollution plume 
capture. Funnel-gate PRB is characterized by 
smaller reaction area, ease in replacement and re-
moval during the blocking of the reactive barrier 
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by fine soil particles and reactive sediments. As 
a result, in every sense, PRB has the potential to 
be a very practical application. Analytical mod-
els are applicable for solving simple and ideal-
ized contamination transport problems, while 
numerical models deal with real world contami-
nation transport simulations. Various models and 
programs software by graphing the measurement 
normalized concentration vs travel time, can be 
used to describe the propagation of contaminants 
fronts in groundwater.
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