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ABSTRACT

The release of nanoparticles into the environment occurs at different stages during their life cycle, with signif-
icant harmful effects on the human (e.g., lung inflammation and heart problems) and the ecosystem (e.g., soil
and groundwater contamination). While colloids (particles >1 micrometre) behaviour in porous media is
influenced by filtration, nanoparticles (<100 nanometres) behaviour is driven by Brownian motion and quantum
effects. Recognising these disparities is essential for applications like groundwater remediation and drug de-
livery, enabling precise strategies based on the differing transport dynamics of colloids and nanoparticles. The
extent of the impact of nanoparticle release on the environment is strongly influenced by their type, size, con-
centration, and interaction with porous media. The main factor preventing the use of nanoparticles for envi-
ronmental remediation and other related processes is the toxicity arising from their uncontrolled distribution
beyond the application points. Finding a suitable dosing strategy for applying nanoparticles in porous media,
necessary for the correct placement and deposition in target zones, is one of the significant challenges researchers
and engineers face in advancing the use of nanoparticles for subsurface application. Thus, further studies are
necessary to create a model-based strategy to prevent nanoparticle dispersion in a porous media. In general, this
review explores the transport of nanoparticles in porous media concerning its application for environmental
remediation. The aim of this study is captured under the following:

a) Identifying the properties of nanoparticles and porous media to develop an innovative remediation
approach to reclaim contaminated aquifers effectively.

b) Identify critical parameters for modelling an effective strategy for nanoparticle-controlled depo-
sition in porous media. This would require a general understanding of the onset and mapping of the
different nanoparticle depositional mechanisms in porous media.

¢) Identify existing or closely related studies using model-based strategies for controlling particulate
transport and dispersion in porous media, focusing on their shortcomings.

1. Introduction

for different applications, such as removing heavy metals in aquifers and
wastewater treatment. Nanoremediation is an emerging industry with

Nanoparticles have emerged as promising materials for environ-
mental remediation due to their unique properties (small size and large
surface area) [44,54,15]. Nanoparticles are particles with a diameter
between 1 and 100 nm; however, the term is sometimes used for larger
particles, up to 500 nm or fibres and tubes less than 100 nm in only two
directions. The use of nanoparticles in environmental remediation has
been extensively studied in recent years, and various types of nano-
particles (e.g., iron oxide and silver nanoparticles) have been developed
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documented application covering numerous US and European clean-up
sites [24]. Nanoremediation is widely used for groundwater treatment,
with additional extensive research being carried out for wastewater
treatment [44,15]. Some nano-remediation methods, particularly
nano-zerovalent iron for groundwater clean-up, have been deployed at
full-scale clean-up sites, while other methods remain in research phases
[44]. Iron-based nanoparticles are one of the most widely used for
environmental remediation due to their high surface area and ability to
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oxidise and reduce multiple pollutants. They are effective in the
degradation of dyes and the removal of nitrate, hexavalent chromium,
arsenate, arsenite, and total phosphates [34,15,78]. Other types of
nanoparticles have also been investigated for environmental remedia-
tion, such as Co3O4 nanoparticles that have shown potential for the
environmental remediation of antibiotic-resistant and pathogenic bac-
teria [9]. Metal and semiconductor nanoparticles (e.g., zinc oxide
nanoparticles) have been fabricated for environmental remediation
applications, particularly groundwater [55].

The effectiveness of nanoparticles in environmental remediation
depends on several factors, including the in-situ location, the type of
pollutants to be treated, and the specific nanoparticles used [13].
However, despite the promising results obtained in laboratory studies,
the use of nanoparticles in environmental remediation is still limited to
laboratory setups. Therefore, there is a need for more practical field
testing on using nanoparticles for environmental remediation and
quantifying any associated impacts [79]., Using nanoparticles in envi-
ronmental remediation would inevitably lead to the release of nano-
particles into the environment and subsequent ecosystems, raising
concerns about nanoparticles’ potential environmental impact.
Recently, the European Union (EU) commissioned a study on the
application of nanoparticles for environmental remediation, which
focussed on facilitating practical, safe, economic, and exploitable
nanotechnology for in situ remediation [24]. This study was commis-
sioned out of concern relating to the potential environmental impact of
nanoparticles acting as a secondary source of contamination, especially
in soils or porous media and aquifers, which serve as portable drinking
water sources. Therefore, it is essential to carefully evaluate the poten-
tial environmental impact of nanoparticles before their widespread use
in environmental remediation [13,15,78].

The transport of nanoparticles in porous media is still of considerable
concern, with the large-scale application of nanoparticles (such as field
tests or application) for remediation or subsurface applications likely to
result in their abundant release and retention. This is a cause of concern,
and the reason for this can be examined from two perspectives:

nanoparticle
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a) Using nanoparticles for subsurface application can lead to an unde-
sirable distribution of the particles beyond the points of interest,
potentially migrating into groundwater aquifers [11,15,71,89].

b) The transport of nanoparticles in porous media is often accompanied
by retention, which can occur through different mechanisms such as
entrapment, ripening, adsorption, aggregation, blocking, straining,
attachment and detachment, as shown in Fig. 1 below [44,87].

c) The controlled emplacement in porous media of nanoparticles re-
quires an in-depth understanding of nanoparticle properties, prop-
erties of porous media, fluid, and the interplay of these factors
(nanoparticles, porous media, and liquid).

Given that these nanoparticles can be toxic, they can become a
source of environmental contamination. Currently, in subsurface water,
nanoparticles of various types have been discovered, ranging in con-
centration from micrograms to picograms per litre, and size, from tens to
hundreds of nanometres [41,44]. For example, in Europe, the silver and
titanium oxide nanoparticles’ concentration in subsurface water was
detected to be 1.5ng/L and 2.2 pg/L, respectively [44]. The concen-
trations of silver nanoparticles in the Isar River in Germany and Dutch
water were estimated at 8.6 and 0.8 ng/L, respectively [44]. Due to
concerns about the uncontrolled migration of nanoparticles, the appli-
cation of nanoparticles for subsurface applications such as nano-
remediation has been restricted in the United Kingdom [11]. However,
the environmental application of nanoparticles at a field scale is already
standard practice in the USA and some countries in the EU despite its
toxic nature [11]. In the case of groundwater remediation, the deposi-
tion of nanoparticles is considered favourable as the retained nano-
particles would not act as secondary carriers for existing pollutants [67].
In other words, contaminants (such as heavy metals) attached to the
nanoparticles would remain trapped with the particles on the retention
sites in the porous media while ensuring that the groundwater aquifer is
free from heavy metals. However, the conditions in a porous media may
change over time, leading to the detachment of nanoparticles and the
attached pollutants or the complete separation of the contaminants back
into the aquifer system [35,44]. For example, an increase in the pH of a
porous media containing migrating polystyrene nano-plastics would

porous
media

ow directio

Fig. 1. Retention mechanisms associated with the transport of nanoparticles in porous media [44].
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lead to greater electrostatic repulsion between the nanoparticles and
nanoparticle-porous media interaction [44,59]. Under these circum-
stances, there would be a reduction in the attachment or retention of
nanoparticles onto the porous media surface. Thus, the retained nano-
particles would eventually be released back into the main flow stream in
the porous media. Therefore, the challenge faced by researchers and
engineers to advance the use of nanoparticles for subsurface application
is finding a suitable dosing strategy for the application of nanoparticles
in porous media, which is necessary for the correct emplacement and
deposition of nanoparticles in target zones [44,15,87]. The rest of the
paper will focus on the following:

a) Discussion of nanoparticle transport in porous media — the effect of
nanoparticle size and concentration, mechanism of nanoparticle
retention and impact of physiochemical conditions of the porous
media on retention.

b) Nanoremediation and the potential release of nanoparticles and
secondary contamination of the environment.

2. Transport of nanoparticles in porous media

Understanding nanoparticles’ transport in porous media is crucial in
designing and operating an effective environmental remediation strat-
egy. When using in situ nano-remediation, the design and effectiveness
of the remediation strategy are considered for two reasons:

a) The nanoparticles employed might be more harmful or mobile than
the parent compound.

b) The fate of the nanoparticles during in situ transport can affect the
effectiveness and cost of the remediation process.

2.1. Deposition dependency on nanoparticle size

The effect of nanoparticle size on nanoparticle retention in porous
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media is influenced by various factors such as particle-collector inter-
action, surface chemistry, and solution chemistry. Experimental results
suggest that particle size may not significantly affect deposition in clean
bed filtration under unfavourable deposition conditions [61]. However,
nanoscale particle dimensions can favour aggregation kinetics, altering
the transport and retention of nanoparticles in porous media [73].
Physical and true filtration impeded the transport of nanoparticles in
porous media [26]. Surface potential and aggregate size dominate
nanoparticle interactions with each other and surfaces, affecting their
transport and retention in porous media [33]. The impact of mean col-
lector grain size on nanoparticle retention has been studied, showing
that nanoparticles can travel through porous media of different sizes
[49]. Similarly, Mattison et al. [49] investigated the mobility of
multi-walled carbon nanotubes (MWCNTSs) through porous media. They
found that MWCNTs travelled through porous media of varying grain
sizes, resulting in significant retention. On the other hand, Lin et al. [43]
found that the transport properties of iron oxide nanoparticles through
sand and soil columns were poor for particles with diameters of
30-100 nm compared to larger particles. These studies highlight the
complex interplay between nanoparticle size and porous media char-
acteristics in determining retention. Furthermore, Shaniv et al. [70]
studied the relationship between the size of polystyrene nanoparticles
(PS-NPs) and their retention in porous media, as shown in Fig. 2. The
study showed that size and surface functional groups affect the transport
of PS-NPs through saturated soil. Unmodified 110 nm and 50 nm PS-NPs
demonstrated similar transport patterns in the soil. However, a
maximum elution value of 90% from the soil was found for the 50 nm
PS-NPs, compared to a maximum value of ~45% for 110 nm PS-NPs.
The breakthrough curve for 190 nm PS-NPs demonstrated a maximum
% elution value of 60% from the soil. PS-NPs with surface functional
groups display different mobility profiles: carboxylated PS-NPs
demonstrated a plateau of 40% elution from the soil. In contrast, ami-
nated PS-NPs were eluted only in small amounts and showed a spike
elution pattern from the column. These findings are attributed to the
effects of common soil constituents, such as calcium cations and humic
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Fig. 2. Illustration of the relationship between the size of PS-NPs and the retention type in porous media [70].
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acids, on the size and charge of the PS-NPs with surface functional
groups. Overall, PS-NP mobility in the soil can vary widely, depending
on PNP properties, such as size and surface chemistry and matrix
properties, such as the type of porous medium and its composition.
These findings suggest that knowledge of inherent characteristics (size,
surface charge, surface functional groups) of PNPs is required to eluci-
date the behaviour of such particles in soil-water environments. Further
research is needed to fully understand and predict the impact of nano-
particle size on retention in porous media, as understanding the rela-
tionship between nanoparticle size and retention can help map the
different types of retention mechanisms in porous media.

Different studies on nanoparticle retention and deposition mecha-
nisms in porous media have attempted to map nanoparticle retention
mechanisms, as Bianco et al. [15] and Ling et al. [44] reported. How-
ever, such procedures for mapping nanoparticle retention mechanisms
over various environmental water chemistries and nanoparticle prop-
erties have been considered impracticable due to their cumbersome and
time-consuming nature [45,83]. Thus, the current interest lies in gen-
eralising nanoparticle retention behaviour, focusing on aggregatio-
n/accumulation of the flowing particles. This is evident in models such
as the one-dimensional form of the advection-dispersion-reaction
equation in Egs. (1) to (3), which are fitted to the effluent concentra-
tion profile of nanoparticles exiting a porous media with a parameter
dedicated to particle aggregation.

dC p, (dS,  dS, #Cc  dC

() =D vy = 1

dt+ew(dt+dt> x| dx )
ds

Bp_:/ (d_tl> = Kau1 C — Kaet P S1 (2)

Py (dS2)

ew < dt > - kanZC (3)

Where C is the nanoparticle concentration, pj, is the porous media bulk
density, Oy is the dimensionless volumetric water content, S; and S, are
the concentrations of nanoparticles attached to the surface of the porous
media, kg and kqyo are the attachment coefficient, kg, is the detach-
ment coefficient and D is the coefficient of hydrodynamic dispersion.
The parameter kg is used to generalise the retention of nanoparticles in
porous media. However, this does not indicate the size dependency of
nanoparticle retention or the various types of retention taking place.
Therefore, while this approach of fitting Eq. (1) to the effluent profile of
nanoparticles simplifies the study of nanoparticle fate or behaviour in
porous media, this k. parameter does not account for the following:

a) The type of aggregation between nanoparticles in porous media —
homoaggregation or heteroaggregation.

b) The relationship between the type of nanoparticle deposition in the
porous media and the aggregation type.

Besides the aggregation type, incorporating other retention mecha-
nisms is crucial in understanding the relationship between aggregation
and deposition in porous media. However, in general, the understanding
of the role of nanoparticle size in the detailed mapping of the deposi-
tional and retention mechanism in porous media is limited.

Furthermore, solution chemistry, including ionic strength and
valence, affects nanoparticle aggregates’ electrokinetic properties and
the extent of their transport and retention in porous media [18].
Adsorption onto solid surfaces can impede nanoparticle transport, and
the choice of polymer coatings can affect nanoparticle adsorption and
retardation in porous media [69]. Particle-solid interactions, including
van der Waals attraction and electrostatic repulsion forces, control the
adsorption of stable nanoparticles in porous media [88]. The surface
modifiers of nanoparticles can stabilise their transport in granular
porous media [62].
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2.2. Mechanism of nanoparticle transport and deposition in porous media

The transport of nanoparticles in porous media is significantly
affected by the material composition of the media, pore structure and
material grain size [44]. The material makeup (sand or carbonate) of the
porous media may hinder the deep propagation of nanoparticles through
various deposition mechanisms such as blocking, straining, and prefer-
ential flow, thus controlling the deposition of nanoparticles. Lv et al.
[47] conducted a comparative analysis of the transport of titanium oxide
nanoparticles in homogeneous and heterogeneous columns. The ho-
mogeneous column was made of fine sand, while the heterogeneous
column was a coarse and fine sand mix. It was observed that the titanium
oxide nanoparticles had a higher penetration rate and transport speed in
the heterogenous column due to the effect of preferential flow. This
preferential flow of nanoparticles in a heterogenous column was also
investigated by Chen etal. [16,17]. However, Chen etal. [16,17] carried
out their work using a layered heterogeneous column (also consisting of
coarse and fine sand) to study the transport of graphene oxide nano-
particles. It was observed that the graphene oxide nanoparticles
remained mainly at the boundary of the coarse-fine sand, which indi-
cated that particle transfer in a porous media consisting of coarse and
fine sand would be detrimental to the transport of the graphene oxide
nanoparticles. This outcome was in contrast to the findings of Lv et al.
[47] on the effect of porous media heterogeneity on nanoparticle
deposition. These contrasting results could be due to the type and
properties of the nanoparticles employed (titanium oxide and graphene
oxide) since similar heterogeneous porous media was used [75]. A
similar work carried out by Chrysikopoulos and Fountouli [20] inves-
tigated the simultaneous transport of titanium dioxide (TiO2) nano-
particles and formaldehyde (FA) in quartz sand-packed columns under
water-saturated and unsaturated conditions. Their results showed TiO5
retention occurred in both scenarios, influenced by flow rate and solu-
tion ionic strength. However, in water-saturated columns, TiO, mass
recoveries rose with the flow rate. Furthermore, their co-transport ex-
periments showed no distinct relationship between mass recoveries and
flow rate. Also, Formaldehyde transport was hindered by TiO; presence,
especially at high ionic strength. The study provides valuable insights
into the fate and transport of TiO, nanoparticles and FA in porous media,
vital for environmental risk assessment. In another study by Sotirelis &
Chrysikopoulos [74] and Syngouna et al. [77], the dynamic interaction
of graphene oxide nanoparticles with quartz sand and montmorillonite
(MMT) colloids at pH 7 and ionic strength of 2 mM was explored. It was
observed that MMT’s kinetic attachment to quartz sand is minimally
affected by pH. At the same time, graphene oxide nanoparticles attach
more to MMT than quartz sand, with the coexistence enhancing the total
graphene oxide nanoparticles’ mass on quartz sand and MMT. The au-
thors’ findings strengthen the understanding of graphene oxide nano-
particles’ behaviour in subsurface formations, especially in the presence
of colloids, which is vital for designing efficient environmental reme-
diation strategies. Nonetheless, the effect of the degree of heterogeneity
of porous media on nanoparticle’s controlled emplacement in a target
location needs to be well studied. Most of the reported works on
nanoparticle-controlled deposition have focused on homogenous porous
media, which have some level of heterogeneity. Changes in porous
media properties, such as grain size and pore structure, have been re-
ported to impact permeability and porosity, directly influencing nano-
particle transport [76,84]. Chen et al. [19] and Velimirovic et al. [82]
elucidated this impact on permeability and porosity, which showed that
nanoparticles favourably flow in zones with high permeabilities. Veli-
mirovic et al. [82] reported using a column of coarse sand with 40%
porosity to study the transport of nanoparticles. The transport rates were
observed to be higher, positively correlated with the porosity and
permeability of the porous media. However, the work of Chen et al. [19]
was carried out in a fractured porous media with the pressure at the
entry point increasing due to low permeability resulting in a significant
anisotropy preventing further nanoparticle transport in the media.
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Furthermore, it was observed by the authors that injecting nanoparticles
whose size was equal to the medium grain size leads to trapping of these
particles by blocking or straining, which leads to reduced permeability.
The phenomenon of blocking and straining are just a couple of the
mechanisms by which nanoparticles are retained, and this can be
grouped further into 'nanoparticle-nanoparticle" and "nano-
particle-pore" interactions (Fig. 3); however, exploring how the rela-
tionship between nanoparticle size and pore size can be used to map and
distinguish this retention type from others needs to be better
understood.

Most research on the mechanisms of nanoparticle deposition in
porous media has yet to be able to capture and quantify all known
mechanisms for nano-deposition. Meng & Yang [51] reviewed the
nanoparticle transport phenomena in porous media and identified the
filtration mechanisms, the underlying interaction forces, and the factors
dominating nanoparticle transport behaviour in porous media. They
found that various factors, including the size and shape of the nano-
particles, the properties of the porous media, and the flow conditions
influence the transport of nanoparticles in porous media. In addition,
Meng & Yang [51] reported that the filtration mechanisms by which
nanoparticles are deposited include straining, interception, and diffu-
sion. However, this filtration mechanism must give a holistic picture of
all known interaction mechanisms of nanoparticles in porous media.

The various mathematical modelling of nanoparticle deposition in
porous media has consistently accounted for the different types of
deposition mechanisms using a single kinetic term. According to Loria
et al. [46] and Dowd et al. [22], the transport of nanoparticles in porous
media can be described by a convective-dispersive mass-transfer equa-
tion (see Egs. (1) to (3)) that includes a kinetic term for first-order
particle deposition. The convective term represents the transport of
nanoparticles due to the fluid flow, while the dispersive term represents
the spreading of nanoparticles due to diffusion. The kinetic term means
the deposition of nanoparticles onto the porous media surface. The
deposition rate is proportional to the concentration of nanoparticles and
the surface area of the porous media. According to the authors, the
general kinetic term was used to capture all known mechanisms of
nanoparticle deposition and is obtained when such models are fitted to
the breakthrough curve generated from the concentrations of nano-
particle effluent exiting the porous media. This tends to limit the un-
derstanding of the role the pore structure of the porous media plays in
shaping the various types of retention mechanisms of nanoparticles.
Furthermore, Wu and Schwartz [86] found that multiple factors,
including the size and shape of the nanoparticles, the pore structure of

Nanoparticles Interaction Mechanism in Porous Media
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the media, and the flow conditions influence the transport of nano-
particles in porous media. They established that pore accessibility and
cavity escape are essential factors limiting nanoparticle transport in
porous media. However, their work needs to be done using the under-
standing of the pore structure in mapping the various deposition
mechanisms of nanoparticles in porous media. A similar knowledge
concerning the formation of aggregates in flowing suspension of nano-
particles in porous media based on changing particle size can distinguish
aggregates formed from those trapped and retained. Therefore, the
nanoparticle, rock grain, and pore size can map the various retention
mechanisms, such as blocking, straining, adsorption etc., that occur
during transport in porous media. This review found that although there
is limited understanding of the mapping of nanoparticle retention
mechanisms, a complete understanding would ensure the following:

a) An understanding of the relative occurrence of nanoparticle reten-
tion types and prediction of the time and location of occurrence in a
porous media.

b) Determination of the conditions that control the relative occurrence
of the various retention types in a porous media.

c) Developing a strategy to control nanoparticle deposition in porous
media using understanding (a) and (b).

Bianco et al. [15] pointed out that the approach for the controlled
deposition or retention of nanoparticles for heavy metal removal would
only make economic sense if the retained nanoparticles having con-
taminants adsorbed on them were immobilised entirely at the point of
deposition. This will prevent the deposited nanoparticles from acting as
a secondary source of contamination if they are desorbed from the
surface of the porous media.

2.3. Modelling the controlled deposition of nanoparticles in porous media

Modelling the controlled deposition of nanoparticles in porous media
is crucial for understanding their transport properties and assessing their
efficacy and environmental impact in various applications [61]. The
transport and deposition of nanoparticles in porous media are influ-
enced by several factors, including flow rate, surface chemistry, size,
particle-collector interaction, pH, and ionic strength([27,61,73,33,49,
40,92,93]; Tosco et al., 2012; Xiao et al., 2011; [12]; He et al., 2009;
Bradford & Torkzaban, 2015; Fei et al., 2022; Zhou et al., 2023; Fan
et al., 2022; Ruo et al., 2022; Huang et al., 2023; Junin & Gbadamosi,
2018; [37,85]; Liao et al., 2023; Reguera et al., 2022; Patino et al.,
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Fig. 3. Interaction mechanisms of nanoparticles with porous media [68].
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2020). The classical filtration theory is often used to model the transport
of nanoparticles in porous media. According to this theory, the retention
of nanoparticles in porous media can be attributed to three mechanisms:
direct interaction of nanoparticles with the media (interception), sedi-
mentation due to gravity, and diffusion due to Brownian motion [92].
However, experimental results have shown that other factors, such as
particle-collector interaction and pH, also play significant roles in
nanoparticle transport and deposition [61,33].

The size and concentration of nanoparticles can affect their transport
in porous media. Studies have shown that particle size distribution,
concentration, and magnetic attraction can influence the transport of
nanoparticles in sand columns [61]. Additionally, the stability of
nanoparticle dispersions in aqueous suspensions, which is governed by
solution pH and ionic strength, can impact the mobility, aggregation,
and deposition of nanoparticles in porous media [73]. In addition, the
surface potential of nanoparticles and the pH of the solution can also
influence their aggregation and transport in porous media. Research has
demonstrated that surface potential and aggregate size dominate
nanoparticle interactions with each other and surfaces, and pH can
affect the size distributions of nanoparticle aggregates [33]. Further-
more, nanoparticles have been shown to inhibit precipitation and
deposition and enhance perdurability against asphaltene damage in
porous media [27]. The mobility of nanoparticles in porous media is
influenced by their physical properties and the characteristics of the
porous media itself. The grain size of the porous media can impact the
transport of nanoparticles, as demonstrated by studies on the impact of
porous media grain size on the transport of multi-walled carbon nano-
tubes [49]. Moreover, the porous media’s heterogeneity, roughness, and
pore water velocity can affect the retention and release of colloids and
nanoparticles (Bradford & Torkzaban, 2015; Fan et al., 2022).

Numerical simulation and mathematical modelling have been
employed to gain insights into the behaviour of nanoparticles in porous
media. Continuum-based models (Table 1) have been developed to
describe the transport of nanoparticles in porous media and account for
various transport mechanisms, such as irreversible deposition, attach-
ment/detachment, agglomeration, physical straining, site-blocking,
ripening, and size exclusion [12].

These models have successfully described the simultaneous occur-
rence of multiple transport mechanisms and can be scaled across
different experimental setups and aquifers [12]. For example, Katzour-
akis and Chrysikopoulos [38] developed a model investigating nano-
particle migration in porous media by incorporating Smoluchowski’s

Table 1
Continuum models used for describing nanoparticle transport in porous media
[12].

Transport Model Mechanisms Fitting
Parameters
Py (dSY _ Attachment Kate
() ke
Attach t/Detach t Kaus k,
Py (dS) _ k€ — P 1S achment/Detachmen att> Kdet
Oy \ dt Ow
Py (48 _ Y Attachment and dual site Katts Kdets fr
Ow (dl = kaC wa’kde's detachment
ds _dS,  dS; Dual site attachment/ Kaul> Kauzs Kaetl »
dt — dt ' dt detachment Kaet2
das
% (T;) = ka1 C — Kget1 P S1
ds,
é% (T:) = Kat2C — Kae2p,S2
dc - Py &) - D@ B VE Attachment, adsorption Kate, Ka
dt ow ') e dx (retardation)
+ kaeeC
Py (dSY _ Release after perturbation Krets far
Ow \ dt
P
Kretg - (S ~Sea) Ho (S —Seq)
Seq =furSi
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population balance equation and the advection-dispersion-attachment
equation. The model considers nanoparticle collisions, leading to
aggregated structures with varying mobility and reactivity. Particles
may be suspended or attached to the solid matrix reversibly or irre-
versibly. Simulation results revealed exponential aggregation with
increasing initial particle number and emphasise the influence of the
initial particle diameter distribution on aggregate size and mobility. The
model underscores the critical importance of considering realistic initial
conditions for understanding nanoparticle behaviour in porous media,
contributing to a comprehensive understanding of their transport
dynamics.

However, these models used to study particle retention in porous
media have certain limitations that should be considered. One limitation
is using single-fitting parameters to describe the multiple retention
mechanisms. Also, the models depicted in Table 1 only fit specific
mechanisms, meaning that accurate modelling of the various mecha-
nisms of nanoparticle retention would require more than one equation,
which would require significant computing time and power. A further
limitation is the assumption of idealised conditions in the models. Many
models assume uniform and homogeneous porous media, neglecting the
heterogeneity and complexity of real-world porous media [52]. This
simplification may not accurately represent particles’ transport and
retention behaviour in natural systems. The heterogeneity of porous
media can significantly affect particle deposition and retention, and
neglecting this aspect can lead to inaccurate predictions [81]. Another
limitation is the assumption of favourable colloid/collector interactions
in some models. These models may need to adequately capture the
behaviour of particles under unfavourable conditions, where significant
particle deposition and retention can occur [52].

The interactions between particles and the porous media can be
influenced by factors such as pH, ionic strength, and surface charge
heterogeneity, which are only sometimes considered in the models [32].
The models also often assume that particle deposition follows expo-
nential decay with travel distance, which may only sometimes be true.
Laboratory-scale column experiments have shown that the retained
particle profiles can decay non exponentially, indicating the presence of
heterogeneity in the interactions between particles and sediment grains
[81]. Incorporating this variability into the models can improve their
accuracy in predicting particle deposition and retention [81]. Further-
more, the models may need to fully account for the effects of particle
size, concentration, and surface chemistry on particle transport and
retention. Experimental studies have shown that these factors can
significantly influence the fate and transport of particles in porous media
[83,91]. Neglecting these factors in the models can lead to inaccurate
predictions of particle behaviour. Additionally, the models may not
consider the influence of physicochemical conditions on particle trans-
port in porous media. The physicochemical properties of particles and
the surrounding fluid can affect their interactions with the porous media
and influence their transport behaviour [31]. Current models often need
more mechanistic insights to predict nanoparticle transport under
different physicochemical conditions [31]. Moreover, the models may
need to capture nanoparticles’ complex behaviour in porous media fully.
The transport of nanoparticles can be influenced by various factors,
including aggregation, straining, and surface interactions [63,80].
Current models often rely on empirical parameters and may not
comprehensively understand nanoparticle transport in porous media
[31].

2.4. The effect of physiochemical conditions on the deposition of
nanoparticles

Various physiochemical conditions influence the transport of nano-
particles in porous media. Several studies have investigated the effects of
different factors on nanoparticle transport and deposition in porous
media. One crucial factor that affects nanoparticle transport is solution
chemistry. The ionic strength of the solution has been found to have a
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significant impact on nanoparticle deposition. For example, Jin et al.
[36] studied the transport and deposition behaviour of single-walled
carbon nanotubes (SWNTs) in a porous medium. They found that
increasing solution ionic strength resulted in increased SWNT deposi-
tion. Similarly, Chen et al. [18] investigated the transport and retention
kinetics of titanium dioxide (TiO2) nanoparticles in saturated porous
media. They found that solution chemistry, precisely ionic strength and
ion valence, influenced the electrokinetic properties of the nanoparticles
and the resulting extent of nanoparticle transport and retention. The
presence of other ions in the solution can also affect nanoparticle
transport. Lewinski et al. [42] discussed the cytotoxicity of nanoparticles
and highlighted the importance of understanding the properties of
nanoparticles and their effect on the body before clinical use. Lecoanet &
Wiesner [40] compared the transport of fullerenes and oxide nano-
particles in a porous medium and found that despite significant differ-
ences in surface chemistry and size, the fullerenes exhibited similar
breakthrough behaviour at higher flow rates. The surface properties of
nanoparticles also play a crucial role in their transport in porous media.
The hydrophobicity of nanoparticles can impact their transport and
retention. Mayegowda et al. [50] investigated the effect of the hydro-
phobicity of fluorescent carbon nanoparticles on transport in porous
media. They found that temperature-sensitive hydrophobicity influ-
enced the transport and retention of carbon-based nanoparticles. Guz-
man et al. [33] studied the influence of surface potential on the
aggregation and transport of titania nanoparticles. They found that
surface potential and aggregate size dominated nanoparticle in-
teractions with each other and surfaces. Flow rate is another critical
factor that affects nanoparticle transport in porous media. Lecoanet and
Wiesner [40] observed that the transport of fullerenes and oxide nano-
particles in a porous medium exhibited different breakthrough behav-
iour at different flow rates. Solovitch et al. [73] investigated the
concurrent aggregation and deposition of TiO5 nanoparticles in a sandy
porous medium and found that flow rate influenced nanoparticle
deposition and mobility. The physicochemical parameters of solution
chemistry, such as pH and the presence of natural organic matter, can
also influence nanoparticle deposition and mobility in porous media.
Solovitch et al. [73] mentioned that these parameters control particle
aggregation, which may subsequently influence the balance between the
free migration of particles and deposition. Afolabi & Yusuf [3] discussed
the use of nanoparticles to inhibit asphaltene damage and highlighted
the importance of understanding the impact of nanoparticles on
asphaltene deposition. The grain size of the porous media can also affect
nanoparticle transport. Zhang et al. [90] mentioned that nanoparticle
retention is expected to increase in finer-grained porous media, although
some studies have indicated that grain size has little effect on nano-
particle transport. In summary, the transport of nanoparticles in porous
media is influenced by various physicochemical conditions, including
solution chemistry, surface properties of nanoparticles, flow rate, and
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the physicochemical parameters of solution chemistry. Understanding
these factors is crucial for predicting and controlling nanoparticle
transport in porous media.

3. Nano-remediation and potential impact of secondary
contamination

Nanoremediation is an innovative and promising technology that
utilises nanomaterials for the remediation of environmental pollutants
in various matrices such as soil, water, and air. It involves the applica-
tion of reactive nanomaterials to transform and detoxify pollutants,
leading to the purification of water and air resources, as shown in Fig. 4
[30].

Nanomaterials have gained attention in the field of remediation due
to their unique properties, including their small size, high surface area-
to-volume ratio, and functionalizable surfaces, which enable high
reactivity, targeting of specific species, and efficient transport for in situ
application [5,2,56]. One of the key advantages of nanoremediation is
its potential cost-effectiveness compared to traditional remediation
methods. It offers more efficient and rapid removal of pollutants,
reducing the overall costs associated with remediation processes [29,7].
Nanoremediation has been proposed as a more cost-effective technology
for in situ soil and groundwater remediation, addressing site remedia-
tion challenges and improving overall efficiency [53]. It can potentially
provide a new and effective solution for environmental clean-up, play-
ing a significant role in pollution prevention, detection, monitoring, and
remediation [60]. Nanoremediation techniques employ various types of
nanomaterials, including nanoscale zero-valent iron (nZVI), carbon
nanotubes (CNTs), metallic nanoparticles, magnetic nanoparticles, and
graphene oxide nanoparticles (nGOx) [8]. These nanomaterials have
been extensively studied and applied in the remediation of contaminants
such as heavy metals, organic pollutants, and petroleum compounds
[14,4]. For example, nZVI has been widely used to remediate ground-
water contaminated with chlorinated solvents and heavy metals [28].
nGOx has shown effectiveness in reducing or increasing the availability
of arsenic and metals in polluted soils [14]. However, it is important to
consider the potential risks associated with nanoremediation. Nano-
materials should not pose any additional environmental or human
health risks [21,58,57]. The environmental impact of micro/-
nanomachines and nanomaterials should be thoroughly assessed to
ensure their safety and minimise any negative effects [30]. The potential
risks of nanoremediation include mobilising nanoparticles in interstitial
waters and the water column, which may pose a risk to marine biota [21,
57]. Additionally, the interaction between nanomaterials, microorgan-
isms, and contaminants should be carefully studied to understand the
potential positive and negative effects [23,65,6]. One of the main con-
cerns of nanoremediation is the potential toxicity of nanomaterials.
Nanomaterials, including nanoremediation scaffolds, can positively and
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Fig. 4. Remediation mechanisms of iron and iron sulphide nanoparticles for groundwater clean-up [8].
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negatively affect natural ecosystems and human health [72]. Nano-
materials’ high reactivity and small size can increase bioavailability and
potential toxicity to organisms [10]. Studies have shown that nano-
materials can negatively affect soil microbial communities Lacalle et al.
[39] and soil microbial biomass and activity [10]. Additionally, the
long-term environmental impact of nanoremediation using nZVI has
raised concerns [25]. Another concern is the potential for the release and
mobility of nanomaterials in the environment. Nanomaterials can be
mobile and potentially migrate to other locations, leading to unintended
environmental impacts [66]. The mobility and transformations of
nanomaterials in natural environments can pose risks to ecosystems and
organisms [21]. It is important to conduct proper evaluation and
full-scale ecosystem-wide studies to understand the fate and impacts of
nanomaterials before implementing nanoremediation on a mass scale
[48,1]. Furthermore, the interaction of nanoparticles with soil organic
matter can hamper the effectiveness of nanoremediation for soil reme-
diation [39]. Nanoparticles can interact with soil organic matter and
form aggregates, reducing their reactivity and effectiveness in removing
contaminants [39]. This can limit the efficiency of nanoremediation and
may require higher doses of nanomaterials to achieve desired remedi-
ation outcomes [39]. In addition to these concerns, a comprehensive risk
assessment and evaluation of nanoremediation technologies are needed.
The potential risks and benefits of nanoremediation should be carefully
evaluated in a case-specific context [8]. Field-scale validation of reme-
diation results and suitable market development initiatives are neces-
sary to increase the acceptability and popularity of nanoremediation
technologies [8]. It is also important to consider the potential risks of
using nanomaterials in natural environments, including their mobility,
transformations, and potential ecotoxicity [64]. Developing environ-
mentally friendly nanotechnologies and nanomaterials is crucial to
ensure the sustainability and eco-safety of nanoremediation. The design
and synthesis of new eco-friendly engineered nanomaterials (ENMs) can
contribute to developing safe and effective remediation technologies
[21]. Eco-friendly nanotechnologies and nanomaterials are recom-
mended for sustainable and eco-safe nanoremediation, considering the
potential environmental risks and adopting consensus recommendations
[21]. Using polysaccharide-based materials for water nano-treatment is
one example of environmentally sustainable and eco-safe nano-
remediation [21].

4. Conclusion

Due to size disparities, colloid and nanoparticle transport in porous
media exhibit distinct behaviours. Colloids, larger particles with di-
ameters exceeding 1 micrometre, follow traditional filtration and
straining mechanisms. Their movement is influenced by porous media
characteristics such as pore size and geometry. In contrast, nano-
particles, typically smaller than 100 nanometres, navigate porous
structures through intricate interactions, including Brownian motion
and surface interactions. Quantum effects become pronounced at this
scale, influencing transport dynamics. Understanding these funda-
mental distinctions is crucial for applications ranging from groundwater
remediation to drug delivery systems, as it enables tailored approaches
based on the unique transport mechanisms of colloids and nanoparticles.
In addition, their transport in porous media is a complex phenomenon
influenced by factors such as concurrent aggregation and deposition,
surface chemistry, solution chemistry, immobile zones, confinement,
flow velocity, and physicochemical properties. Understanding and
overcoming these limitations is crucial for successfully applying nano-
particles in various fields, including environmental remediation, oil
recovery, and drug delivery. However, several limitations and chal-
lenges are associated with nanoparticle transport in porous media. One
limitation is the concurrent aggregation and deposition of nanoparticles
in porous media. Another limitation is the influence of surface chemistry
and solution chemistry on nanoparticle transport and retention. Immo-
bile zones or areas of low flow in porous media can also impact
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nanoparticle transport and retention. The transport of nanoparticles in
porous media is also influenced by flow velocity. As flow velocity de-
creases, the retention and mobility of ENPs can be affected due to the
prevalence of diffusion over advection. Furthermore, the physico-
chemical properties of nanoparticles play a crucial role in their transport
behaviour. Current particle transport models often need to consider the
influence of physicochemical conditions and different retention mech-
anisms on nanoparticle transport in porous media, limiting their pre-
dictive capabilities. New approaches are needed to overcome these
limitations and improve our understanding of nanoparticle transport in
porous media. This would require developing a model-based approach
essential to prevent the uncontrolled dispersal of nanoparticles in a
porous media. The developed method is also expected to differ from
previous works in incorporating the effect of monovalent and divalent
ions and natural destabilising agents. This would ensure a more accurate
prediction of the locational occurrence of nanoparticle deposition and
accumulation and eliminate the tendency for an earlier or later forecast
of nanoparticle aggregation. In addition, the developed model would
also consider the effect of nanoparticle migration towards the bottom of
the porous media, especially when the concentration is above a partic-
ular threshold value. Incorporating this threshold value as part of the
prediction methodology is expected to improve the location accuracy of
the model in estimating the point of nanoparticle deposition in the
porous media.

In general, the developed approach for predicting the location of
nanoparticle deposition and accumulation in a porous media would help
achieve the following:

a) Innovative nano-remediation approach within the framework of
environmental nanotechnology for effective reclamation of
contaminated aquifers through a controlled deposition.

b) A general understanding of the onset and mapping of the different
nanoparticle depositional mechanisms in a porous media.

In the future, this review recommends the following for future work
in advancing nano-remediation for environmental clean-up:

a) First, investigate the effect of temperature, salinity, particle size and
concentration on the aggregation kinetics of nanoparticles and
identify the time for maximum aggregate formation.

b) Examine the long-term stability of the nanoparticle aggregates under

changing experimental conditions (such as temperature, salinity, and

pH) and ascertain conditions for disaggregation where possible.

Estimate the optimum nanoparticle concentration necessary for the

maximum deposition based on the maximum aggregate formation

and the average pore size of the porous media.

Develop a mapping approach to categorise the various types of

nanoparticle retention mechanisms in porous media and predict the

onset of these mechanisms based on the pore and nanoparticle
aggregate size.

Develop an approach for the controlled emplacement of nano-

particles at a targeted location and evaluate the accuracy of the

predictive control of this approach through transport experiment
studies.
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