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Catalytic activity of biodegradable polymeric colloidal particles in ground water
remediation: recent progress and challenges
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ABSTRACT ARTICLE HISTORY
Applications of colloid science in ground water remediation enable the selective targeting of the Received July 2025
contaminants while minimizing the environmental side effects. When the waste reaches the ground Accepted September 2025
water level, the subsurface becomes unreachable for extraction of the contaminants, thereby restrict-
ing the efficacy of conventional remediation processes. Particularly hydrophobic contaminants such
as non-aqueous phase liquid (NAPLs) accumulate under the subsurface of the aquifer and create a . o

. L e L. R . R colloid particles; metal
contaminant plume which is very difficult to extract. Pristine nanoparticles show versatile catalytic nanoparticles; catalysis;
activities to decontaminate the ground water, but they face difficulty in reaching the targeted zone biodegradable polymer;
due to their tendency to form agglomerates, thereby compromising the subsurface mobility. This recyclability
encourages the study of biodegradable polymeric coating to the active nanoparticles acting as
remediation catalyst. Hence, these micro-to-nano-sized polymeric colloid materials are only viable
options for the in-situ ground water remediation. This particular study reviews the catalytic activity of
various metal and carbonaceous nanoparticles for the removal of contaminants, and their biodegrad-
able polymeric coating, which ensures their environmental compatibility, transportability and enhan-
ces the efficacy of nanoparticles to remove chlorinated solvents, dyes and heavy metals from
contaminated groundwater. Advances in nanotechnology-integrated eco-friendly formulations are
explored to address their limitations, emphasizing the need for further research and development to
optimize their deployment in diverse environmental settings.
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Ground water remediation;
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1. Introduction
industrial sectors. According to Water facts (2020 data),

The primary supply of freshwater usually comes from the 71% portion of the Earth is covered with water; predomin-
ground water, and it also serves as the natural reservoir for antly saline water (96.5%); and the rest 3.5% of water is
the essential resource of drinking water, agriculture, and drinkable. Whereas a major portion of this freshwater
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Figure 1. The in-situ and ex-situ ground water remediation methodologies.

(30.1%) is locked in groundwater.[l’zl Among this available
fresh water, 72% of water are used by agriculture, 16% by
industries and 12% by municipalities and household purpose
(according to water facts 2025).) Nowadays, an emerging
population started misusing this major resource. Instead of
following rules and regulations, industries show negligence
for purification of water before discharge to avoid the extra
expenditure for the waste removal step. Among various con-
taminants found in ground water, hydrocarbons, chlorinated
contaminants include- perchloroethylene (PCE), tetrachloro-
ethylene (TCE), carbon tetrachloride, cis- and trans-
dichloroethylene (DCE), harmful dyes, agricultural wastes,
pesticides and moreover heavy metals are the most toxic ele-
ments which emerge from textile industries, gasoline fuel
stations, underwater storage tanks, pipeline leaks including
agricultural runoff flows directly to the ground water and
floats onto it.*> This practice causes severe health prob-
lems to human and other living being and creates an imbal-
ance toward the aquatic system. Specially, the halogenated
hydrocarbons, oils and dyes remain immiscible in water.
Due to this immiscibility, these hydrocarbons generate a
physical interface with water and remain suspended inside
the aquifer which creates organic plume, and these are col-
lectively known as non-aqueous phase liquid (NAPL). These
contaminants are known by- light non-aqueous phase liquid
(LNAPL) and dense non-aqueous phase liquid (DNAPL).
The terms, light and dense signify the relative specific grav-
ity between the hydrocarbons and water. The transport of
the non-aqueous fluids from the industries or underground
storage tanks through the subsurface of the ground water is
a very complex phenomenon. The main challenge of this
contamination occurs due to slower movement of the con-
taminants inside the aquifer. The complex geological struc-
ture of subsurface further complicates the remediation
process. Hence, the critical water purity level is compro-
mised. Thus, researchers desperately look for systems, which
can cover a large hydraulic window for the ground water
remediation. Depending on the water remediation and the

energy requirement there are two routes, i.e., 1. Ex-situ and
2. In-situ (Figure 1).

Earlier, due to lack of studies, people used to excavate
the soil or pumping out the NAPL pool from the ground
water, treat them outside and re-pump again. Besides, air
stripping, membrane-based adsorption and ion exchange,
and coagulation-flocculation are another ex-situ systems
which requires higher energy and cost, maintenance, longer
operation time.[°®! To deal with these disadvantages, scien-
tists developed more sustainable and minimally invasive
techniques which mainly focused on thin-situ technologies
like permeable reactive barrier, bioremediation, chemical
oxidation, chemical flushing, biosorption, enhanced bio res-
toration for their energy efficient water remediation etc.!”’
The bioremediation requires the introduction of a microbial
population inside the contaminants which assist the conver-
sion of the pollutant into degraded products but simultan-
eously enhances the amount of microbes in the water body
under anaerobic condition which is envisaged to contamin-
ate the ground water further.'”) Whereas the in-situ chem-
ical oxidation (ISCO) is more popular as it can oxidize the
organic contaminants in the ground water, but sometimes it
fails to reach to the lower impermeable barrier of the aquifer
where the contaminant remains at lower temperature
(12°C-15°C)." Another approach is the application of
sustained released materials (SRMs).!'?! Materials that can
be released slowly, reduces large number of vulnerable by-
products and thus the synthesis of these materials are gain-
ing top-notch research in the scientific world.

Nanoparticles bearing the properties of sustained release
have shown significant results for facilitating catalytic deha-
logenation. In this respect, zero valent iron (ZVI), iron
oxides (Fe,O3/Fe;0,), Titanium dioxide (TiO,), Palladium
(Pd), Silver (Ag), and Ceria-Trititanate, nanoparticles were
well studied systems, which effectively dechlorinate ground
water as discussed below.'>"'*] However, challenges such as
their stability still remain an issue, which can be partly
handled by coating these particles with surface active agents
(SAA) ie. surfactants or inorganic substance or polymers.
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A typical SAA wrapped nanoparticles system consists of two
major components-

1. A reactive site, which catalytically removes the contami-
nants from the ground water; and

2. A stabilizing agent having diverse functionalities that
can immobilize the reactive centers, adsorb the contam-
inants and help to stabilize the reactive center for pro-
longed time.

For a successful stabilizer the materials must have the fol-
lowing characteristics, (i) mobile through sand particles, (ii)
cost-effective, (iii) should not produce any vulnerable by-
products, (iv) environment friendly, and (v) easily tunable.
The surfactants try to minimize the interfacial tension
between NAPL/water due to a hydrophilic and a hydropho-
bic part, which controls a hydrophile-lipophile balance
(HLB) when dispersed in oil/water phases. Commonly, sur-
factants are categorized into cationic (contains quaternary
ammonium group),[15] anionic  (contains carboxylate
groups),''® nonionic (polypeptide, sugars, and some poly-
mers),!!”) gemini (contains more than one hydrophilic or
hydrophobic groups),'® and zwitterionic (contains both the
cationic and anionic part)."”! The surfactant enhanced sta-
bilization is a concentration dependent term (requires much
higher concentration to create emulsion). This factor pro-
vides the particles with extensive stability to the emulsions,
as clearly reviewed by Bernard et al.*®! However, if we put
a general comparison, the synthetic surfactants can be toxic
toward the ground water if overdosed; simultaneously, these
generate large amount of foam which may further enhance
the stabilization of contaminants rather than remediating.
Also, surfactants can prevent the nanoparticles’ mobility
before reaching toward ground water by adsorbing onto soil,
thereby reducing the long-term effectiveness of the active
agents.!”!) In this review, we focused on the comparatively
nontoxic, biodegradable, eco-friendly polymers which pro-
vide the nanoparticles to produce a stable suspension,
improved mobility through subsurface as well as prolonged
catalytic activity inside the aquifer. Natural polymers like
carboxymethyl cellulose (CMC), starch, lignin, alginate, chi-
tosan, cyclodextrin, and hydroxyapatite (containing -OH,
-COOH, -NH, groups) get adsorbed onto the nanoparticles
and prevent them from aggregation by creating a physical
barrier, host-guest interaction or steric factors. Moreover,
the charged polymers such as carboxymethyl cellulose
(CMC), chitosan, alginate carry charge and stabilize the
nanoparticles from getting agglomerated via electrostatic
repulsion. Whereas, synthetic polymers such as polyvinyl-
pyrrolidone (PVP), polyethylene glycol (PEG), polyethylene-
glycol diacrylate (PEGDA), polyacrylic acid (PAA),
polylactic acid (PLA), poly (hexamethylene 2,3-O-isopropyli-
denetartarate) (PE), poly(2-acrylamido-2-methylpropanesul-
fonic acid) (PAMPS), and block copolymers like
Carboxymethyl-f-cyclodextrin (CM-f-CD) offers better che-
lation, amphiphilicity, serves as a protective layer around the
nanoparticles, thereby providing sustained transportability of
the system toward the targeted application inside ground

water. The role of different polymers in encapsulating the
nanoparticles is discussed in Table 3 in detail. Another
advantage of using such polymers is their tunable surface
properties. Depending on the application, surface of such
polymers can be easily modified via functionalizable groups
(-OH, -COOH, -NH, etc.). Moreover, after application,
these systems do not leave harmful residues, thus creating a
sustainable way of water remediation. Hence, colloidal trans-
port becomes a topic of interest nowadays for the applica-
tion of in-situ ground water remediation as the polymer
stabilized particles have the less tendency to agglomerate
due to Brownian motion. Typically, the size of the colloid
particles ranges between 1nm to 1000 nm. Colloids are often
expanded into a wide range of particles owing to their size
(nano to micro range), shapes, compositional anisotropy
and properties.”’ > These polymer-coated nanoparticles
are termed as colloidal particles.”>*® The morphology of
the polymeric colloidal particles can be engineered in such a
way so that the particles with a unique chemical and phys-
ical property may achieve specific targeted applications.*”>%!

This review summarizes the catalytic activities of various
nanoparticles for remediating groundwater and simultan-
eously discussed the advance techniques for the synthesis of
the polymeric colloidal particles with various shapes as well
as various compositions to create effective colloid facilitating
their transport through the subsurface for the remediation
of the ground water contaminants. This review as well pro-
vides a scope to discuss about the mechanistic insights of
the polymeric colloidal particles in hydrogeological condi-
tions, the interaction parameters with the sand particles, and
environmental impact after remediation. In addition, this
study motivates to review about the recent progresses in the
designing of surface-functionalized nano-engineered poly-
meric colloidal particles and their near-future developments
toward the real-world problem.

2. Catalytic activity of nanoparticles in ground
water remediation

Nanoparticles are the most powerful agents which provide
promising results when applied in the field of water remedi-
ation. Due to its high surface area to volume ratio, high
reactivity and ease of removal, injection of SRMs is gaining
popularity in research field. Specifically, if we consider the
ground water remediation applications, the nanomaterial
must be sustainable, cost-effective, and recyclable as well as
stable inside the adverse geological condition beneath the
subsurface. This section mainly focuses on the catalytic
activity of nanoparticles which directly relates with metallic
nanoparticles and carbonaceous nanoparticles.

2.1. Metallic nanoparticles (MNPs)

Nowadays, MNPs are most studied system among research-
ers for its remarkable catalytic effect. MNPs use their redox
capability to enable the unreachable contaminants’ degrad-
ation inside the aquifer. Moreover, the surface of the MNPs
is easily tunable which further enhances the properties for
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the effective dechlorination, heavy metals, and textile efflu-
ent or pharmaceuticals’ removal from the ground water.
While some scientists utilized single metal as the reducing
agent, others incorporated dual metal system for enhancing
the reducing capability of the first one. Depending on the
MNPs’ catalytic activity, MNPs are classified in two catego-
ries- mono-metallic and bi-metallic nanoparticles.

2.1.1. Mono-metallic nanoparticles (MMNPS)

MMNPs exhibit exclusive catalytic effects for the in-situ
ground water remediation. Fe, Ag, Pd are the most studied
monometallic moieties which show redox reactivity or
adsorption capability toward contaminants’ degradation.
These nanoparticles are generally synthesized via top down
or bottom up method or greener method.® For instance,
Ag nanoparticles (AgNPs) showed excellent catalytic effect
for the removal of Co>", Pb*" and methylene blue.[o%61
Due to its cost effectiveness, biocompatibility, thermal con-
ductivity and antimicrobial nature, higher catalytic activity,
and stability, AgNPs are profoundly utilized for ground
water remediation.'” The basic catalytic mechanism of Ag
follows adsorption followed by electron transfer to the metal
or dye molecules, hence degradation happens quickly. It was
well established that in absence of AgNPs, the electron
donating ability of NaBH, is very slow and it is thermo-
dynamically favored, but in presence of AgNPs, the electron
donation becomes kinetically favored and happens quickly.

This mechanism is termed as electron relay system which
was monitored by spectrophotometrically (Figure 2a).[°"]

Another class of effective noble metallic nanoparticle is
Palladium nanoparticles (PdNPs) which are well known
catalyst used in organic reactions. Scientists used PdNPsfor
ground water remediation to dechlorinate the 4-chlorophe-
nol(4-CP)P** or degradation of phenol red dye.[54] Since Pd
has higher affinity toward hydrogen, PANPs act as active
agents that induce faster hydrolysis of NaBH,; and by
adsorbing H,to form an activated (Pd-H) species which is
active intermediate during dechlorination process.® This
study demonstrates the contribution of the presence of such
nanoreactors enhance the capability of NaBH, through
breaking down of 4-CP into comparatively less hazardous
chemical phenol. A plausible mechanism is provided in
Figure 2(c) through which the dechlorination or hydrogen-
ation reactions usually occurs.

Similarly, zero valent iron (ZVI) is one such nanopar-
ticles which are widely studied for water remediation. As
discussed above, the major components of ground water
contaminants include halogenated substances which are dif-
ficult to remove by any conventional ways. The chlorinated
contaminants (NAPLs) which are mostly recovered by ZVI
inside the ground water.”®®® ZVI shows multifunctionality
(adsorption, reduction) routes to decontaminate ground
water (Figure 2d). When ZVI come in contact with organic
pollutants (such as DNAPL), it immediately degrades the
chlorinated hydrocarbons to gaseous hydrocarbons and gets
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Scheme 1. Path (a) hydrogenolysis; Path (b) reductive f-elimination.
oxidized itself to Fe,O3/Fe;0, (component of earth crust)!®4!
leaving no further residuals in water but can be easily recov-
ered due to their magnetic property.

The dechlorination routes of ZVIs happen via two major
ways: hydrogenolysis and reductive f-elimination. Basically,
in the former process, one chlorine atom is replaced by one
hydrogen atom and the latter one grabs two chlorine atoms
adjacent to the carbons creating one bond in between them
(Scheme 1). One of the advanced oxidation procedures
(AOP) enables sulfidated-ZVI where ZVI can activate the
persulfate to generate radicals which is able to degrade a
common pesticide such as atrazine.!®*

Besides, research showed Pt, Pd, Ni, Cu, and Ag provide
further support to the ZVIs to enhance the rate of hydro-
genation by formation of bimetallic moieties which will be
discussed in next section.

Apart from the ZVI, the ores of iron such as maghemite
(?-Fe,03), hematite (x-hematite), and magnetite (Fe;0,)
nanoparticles also show applicability in the separation of
heavy metals based on their magnetic properties. In general,
the iron oxide nanoparticles (IONPs) decontaminate the
ground water via three major routes, adsorption, redox reac-
tion, and magnetic separation./®>*”! IONPs create permeable
reactive barrier (PRB) which captures the heavy metals via
adsorption and simultaneous reduction happens onto their
surface. Besides, IONPs can be recovered easily via magnetic
separation. One such study was reported for the degradation
study of TCE by iron oxide in presence of H,O,*®! The fer-
rous ion [Fe(Il)]reacts with H,O, to yield OH. radical under
acidic (pH = 3) condition via several intermediates. This
OH. radical further reacts with organic contaminants like
TCE and generates hydrochloric acid, formic acid and car-
bon dioxide.

Apart from these, Titanium oxide (TiO,) nanoparticles
too show photocatalytic properties that can be exploited for
the degradation of contaminants. The absorption of UV
light accelerates the electron transfer from valence band
(VB) to conduction band (CB) of TiO,. This conduction
creates hole-pairs over the surface of the nanoparticles. The
excited electrons then react with oxygen to produce super-
oxide anions which further bind with H* ions to produce
OH-' radicals. Also, the holes react with water present in the
medium and yield the same hydroxyl radicals. Finally, these
hydroxyl radicals are responsible for converting most of the

organic dyes present in water to carbon dioxide or water
(Figure 2b).[%)

2.1.2. Bi-metallic nanopatrticles (BMNPS)

BMNPs are composed of two metals which plays synergistic
effect to each other for better performance than MMNPs.
Although the above study represents the better catalytic
effect of single metal nanoparticles, but sometime single
metals are unable to achieve 100% efficiency for the required
application due to higher aggregation. The presence of a sec-
ondary metal enhances the catalytic ability of the other by
providing enhanced stability and reduced aggregation. For
example, Fe-Pd moiety undergoes98% dechlorination of 2,4-
dichlorophenol(2,4-DCP) and monochloroacetic  acid
(MCAA) under acidic conditions.”® The performance of
bimetals is similar as that of mono-metals, but the increased
reactivity can be attributed to the generation of H, via cor-
rosion of the ZVI under acidic conditions,”*! and immedi-
ate adsorption of H, by Pd, which generated Pd-H. This
activated H species leading to the dechlorination of 2,4-DCP
to 2-chlorophenol(2-CP) and finally phenol.”? Furthermore,
Fe-Pd shows prolonged activity, greater catalytic activity at
lower doses within shorter time period and better resistant to
surface fouling than ZVI (Scheme 2).

Another similar bimetallic, Cu-Fe nanoparticle was
explored for the complete dechlorination of hexachloroben-
zene (HCB) to tetra-, tri- and dichlorobenzenes (TeCB,
TCB, and DCB) within 48 h. One advantage of using Cu is
that it is cheaper than Pd. The key mechanism can be
explained by similar approach as Pd-Fe; i.e. the H, produc-
tion via ZVI corrosion under acidic condition and simultan-
eous reduction of HCB by the active hydrogen, which is
catalytically generated by Cu. Moreover, the dissolved O,
and water generate an oxide layer entrapping Cu inside.
This creates an additional adsorption site where HCB mole-
cules can easily diffuse inside the oxide film and undergo
sequential dechlorination.”?!

Several group of scientists studied another set of silver
based BMNPs such as Au-Ag, Ag-Cu, and Ag-Zn, for the
catalytic reduction of 4-nitrophenol, photocatalytic degrad-
ation of MB, and removal of trihalomethanes, respectively.
Au-Ag induce the hydrogenation of 4-nitrophenol by
strongly binding with the nitrophenolate. This mechanism
follows a pseudo first order kinetics. On the other hand, Ali
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Figure 3. C atalytic degradation of methylene blue (MB), Methyl orange(MO)
and Eosin-Y(EY) dye by the synergistic mechanism of Ag-Cu bimetal (Adapted
with permission from Ref. 74y,

et al. carried out a study to remove azo dyes (methylene
blue (MB), Methyl orange (MO) and Eosin-Y(EY)) via Ag-
Cu BMNPs. This study highlighted the catalytic activity of
Ag-Cu via their surface plasmon resonance (SPR) effect in
presence of a reductant, i.e., NaBH, (Figure 3).174-76]

To investigate about BMNPs, scientists discovered one
such lanthanide-based metal nanoparticles which has stronger
affinity toward fluoride ions. Also, due to their multivalent
states and Lewis acid character, cerium (Ce), lanthanum (La),
neodymium (Nd), gadolinium (Gd), and Titanium (Ti) are
able to form strong complex with fluorides.”””®) One such
system is porous CeO,-ZrO, nanocages, designed to act as
adsorbent. The oxide bed produces hydroxyl groups on the
surface of the nanocages upon reacting with water. These
hydroxyl groups act as the adsorption sites.””! The adsorption
site is largely dependent on pH of the medium. For instance,

at mild acidic conditions (pH < 7.5) surface gets positively
charged and attracts the fluoride ions, whereas, above pH 7.5
the surface gets negatively charged which repels the F ions. A
similar approach was attributed to another system, such as
Ceria and Trititanate Nanotubes composite (CTNC). It exhib-
its a highly effective fluoride adsorption mechanism primarily
driven by ion exchange between fluoride ions (F) in water
and the surface hydroxyl groups (-OH) on CTNC.!*% [=M-
OH+F——=M-F + OH-].

2.2, Carbonaceous nanopatrticles (CNPS)

Carbon is naturally derived, well abundant material in earth. It
was well documented that the micron sized activated carbons
are less efficient than nanoscale carbonaceous materials (Figure
4) like- carbon nanotube, graphene and its oxides. Also, acti-
vated carbon can facilitate decontamination via adsorption only
whereas, latter materials adsorb, disinfect and simultaneously
generate fewer toxic by-products.® The physicochemical
properties of CNPs like- higher surface area, greater thermal,
electrical and mechanical stability, cost-effectiveness, higher
sorption/desorption capability, hydrophobicity,
resistance, and most importantly easy derivation from fossil
fuels make them excellent advance materials for catalytic deg-
radation. Carbon nanotubes (CNT) and graphene oxide (GO)
are the various form of CNPs which perform multifaceted
approach for ground water remediation via adsorption, photo-
catalytic degradation and catalytic routes. We will discuss the
catalytic activity of these advanced CNT's below.

corrosion-

2.2.1. Carbon nanotubes (CNTS)

It is a cylindrical hollow nanostructure comprised of rolled-
up hexagonal graphene sheets. This is the one-dimensional
allotrope of carbon that has length to diameter ratio of
100000. Depending on the position of graphene sheets,
CNTs can be divided into two groups—single-walled CNT
(SWCNT) (where folding occurs with a single graphene
layer) and multi-walled CNT (MwCNT) (where folding
occurs with concentric multiple graphene layers) (Figure
4a). Recent studies confirm that the pristine CNT shows
their catalytic ability via oxidative dehydrogenation(ODH)
(conversion of ethyl benzene to styrene; n-butane to butene
to 1,2-butadiene),®*! wet air oxidation (WAO) of phe-
nol,’*® cumene to cumene hydroperoxide,'®”! and aerobic
liquid phase oxidation (ALPO) (ethylbenzene to acetophe-
none or benzyl alcohol to benzaldehyde).®* The basic
catalysis mechanism (Figure 5a,b) of first two steps is simi-
lar, i.e. pre oxidation but the second step varies. The ODH
majorly targets the pretreatment of CNT surface with oxi-
dants (like HNO;) which generates active oxygenated species
such as electrophilic (superoxide O,”, peroxide 0,°”) and
nucleophilic oxide (0*). Among them, the electrophilic
oxide species are the secondary intermediates which lead to
combustion of the hydrocarbons, whereas the actual inter-
mediate i.e., nucleophilic species (C=0) tries to react with
electron deficient saturated molecules (C-H bond of butane)
to yield more stable alkenes via dehydrogenation
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Figure 5. Mechanism of catalytic activity of CNTs vig- (a) oxidative dehydrogenation (ODH), (b) wet air oxidation(WAO), and (c) aerobic liquid phase

oxidation(ALPO) (Inspired & redrawn and from Refs. 185.86,89])

(Figure 5a). Ultimately, the surrounding H, acts as a
quencher of the catalytic cycle by forming H,O. On the
other hand, the WAO method facilitates generation of
-COOH groups onto the CNT surface followed by reaction
with air/oxygen to generate hydroperoxyl radical (-HOO).
This highly reactive oxygenated species degrades phenolic
compounds to small chain acids (maleic/formic/acetic/oxalic
acids-RCOOH) which further react with carboxylic groups
to form innocuous by-products like esters. These esters can
reform the carboxylic containing NT surface via hydrolysis
at higher temperature. Unlike the other two mechanisms,
the route ALPO proceeds via electron transfer between the
substrate and CNT layers followed by the generation of
active species, i.e., either peroxyl radical or nitric oxide. This
method is suitable for degrading the non-polar contaminants
like ethylbenzene. Upon immobilization of liquid phase like
ethyl benzene, there occurs a strong 7-m interaction between
CNT layers and phenyl group of ethyl benzene. This follows

the formation of highly reactive peroxy phenyl radical which
further reacts to yield multiple side products like acetophe-
none, benzoic acid, phenyl ethyl alcohol, benzaldehyde etc.
It has been seen from the study that if in ALPO, the surface
of the CNT is pretreated (by introducing hydrophilic
groups) like the previous methods, the outcome is negative,
majorly due to hydrophilic-hydrophobic interaction between
CNT surface and ethylbenzene. Hence, direct immobilization
and stabilization through aerobic oxidation is the essential
criteria for the ALPO method (Figure 5c¢).

2.2.2. Graphene oxide derivatives (GOS)

Graphene is the 2D allotrope of carbon exhibiting excellent
thermal and electrical properties. The pristine graphene itself
is hydrophobic in nature, hence, for water remediation, it
would not be the ideal candidate due to higher agglomer-
ation rate. Similarly, oxidation of graphene sheets under
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Figure 6. Pathway for production of ROS by GO upon absorbing light (Inspired
& redrawn from Ref. [94]).

highly acidic conditions and in presence of strong oxidants,
induce hydrophilic OH, C=0 or COOH groups, which
make the surface of graphene oxide hydrophilic (Figure 4b).
These functional groups provide better dispersibility in water
and also possess active sites which facilitate adsorption,
redox or photocatalytic degradation of heavy metals or dyes.
Generally, the mechanism follows via adsorption of heavy
metals such as Pb(II), Cu(Il), Pd(Il), and Pt(11).”°°* The
oxygen moieties bind with the metal ions via coordination
or electrostatic interaction and this interaction tends to
deform the layer like structure of GO. For instance, immedi-
ate stacking and wrinkling happened to the GO sheets upon
adsorbing Cu®". This might be the result of reducing polar
groups which engage in coordinating metal ions, thereby
reducing the electrostatic repulsion between the polar
groups.”®! Another route is the photocatalytic degradation
by which GO layers produce reactive oxygen species (ROS)
in presence of solar/UV light (Figure 6). However, several
literatures provided different notions about the generation
of ROS. For example, Matsumoto et al. demonstrated the
formation of CO, via degradation of carbon of GO and
-COOH groups, when irradiated with light (280 nm).”*"!
Whereas another group hypothesized the removal of HO
radical and formation of extended conjugated @ bonds at
the layers.l”®! But Zhao et al. provided a clear idea about the
ROS production, when GO is irradiated with light and yield
highly reactive O,” which simultaneously disproportionate
into H,0,"* The H,0, upon extracting another electron
from GO, generate HO' radical. This ROS is effective to
interact with several contaminants present in water.

Below we summarize the Table 1 where the contaminants’
removal capacity of different metals is discussed, though these
nanoparticles still suffer from few limitations/challenges for
their applicability ed in ground water remediation.

3. Limitations of metallic/carbonaceous
nanoparticles in ground water remediation

Nanoparticles can be easily delivered to the impermeable
zone as well as effectively interact with large number of

contaminants inside the ground water. But the major issue
with the nanoparticles is their high aggregation rate. The
nanoparticles with higher surface area to volume ratio
always try to minimize the surface chemical potential with
rapid aggregation. More the aggregation, lesser the surface
to volume ratio and more will be the size of the aggregated
cluster (size can range from micro to millimetre). Under
these circumstances, particles remain undelivered to the tar-
get site through sand and huge number of free nanoparticles
are required to inject inside the aquifer to meet the targeted
application inside the aquifer.!"®”) This further enhances the
cost and simultaneously potential toxicity to the aquatic
environment. For example, ZVIs are prone to agglomeration
due to higher surface area while transportation via soil or
aquifer. In fact, due to their negative reduction potential,
these zero valent nanoparticles get easily oxidized.
Moreover, the separation of GO, CNT and other non-
magnetic metals from ground water after usage, is challeng-
ing. A group of researchers proved the reduction of toxicity
happened when Ag nanoparticles are coated with poly-
mers.["%19) Hence, researchers started finding ways to pro-
vide support to the nanoparticles either by inorganic
compounds or by using polymeric materials.!"’°"*?) There
are multiple literatures reported for the inorganic materials
which efficiently support the metal nanoparticles, but these
further increases the total metal count and left harmful
unreacted inorganic chelates inside the aquifer, thereby fur-
ther intoxicating the ground water.!"'>!"*) Whereas, among
polymers, biodegradable polymers are more preferred as it
can circumvent this problem of potential hazard by mini-
mizing direct leaching of free nanoparticles into aqueous
environment which ensures a sustainable greener approach,
lowers the risk of secondary contamination and controls the
injection of free nanoparticles not beyond limit. Also,
biodegradable polymers fulfill almost all the criteria for a
perfect stabilizing agent as they are less hazardous, environ-
mentally benign and easily tunable."'® However, this poly-
mer supported metal/carbonaceous nanoparticles may also
increase the potential risk factor for leaving the pristine
nanoparticles after decomposition of polymers; but there are
some scenarios which governs the fate of the nanoparticles.
For instance, iron-based nanoparticles are highly investi-
gated active agents which are easily encapsulated inside pol-
ymers and post treatment, they can be easily recovered via
magnetic separation which enhances its reusability, mitigat-
ing the secondary pollution. Also, iron nanoparticles can be
deposited via sedimentation as earth core and hence pose
no further risk as ground water contaminants. In case of the
non-magnetic nanoparticles, research is still confined in the
laboratory and yet to be discoverable in the real-world appli-
cations. Colloidal filtration theory (CFT) suggests this occurs
because colloidal particles remain stable due to their
Brownian motion and the Van der Waals force hindering
them to self-aggregate."*®'*”) This is why the biodegradable
polymer encapsulated nanoparticles act like colloidal par-
ticles and provide a sustainable approach for the removal of
contaminants. We have discussed the detailed mechanism,
synthetic routes and the role of different polymers for
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Metallic nanoparticles Size Removal capacity Method of operation Refs.
Silver (Ag) 20nm 24% for cobalt and 77% for lead Reduction 601
Zero valent iron(ZVI) 40-60 nm Degradation of 87% tetrachloroethylene (PCE), Reduction 197,981
97% of trichloroethylene (TCE), 94%
of cis-dichloroethylene (cis-DCE), and 99%
of trans-dichloroethylene (trans-DCE)
Titanium dioxide(TiO,) 20nm Inhibition of the bacterial growth on activated Photocatalytic deflocculation 199,100]
sludge
7-Fe,0; 7-12nm As(ll)- 74.83 mg/g and As(V)- 105.25 mg/g Adsorption non
at 50°C
Ironoxide (Fe,03/Fes0,) Fe,03 shows 1250 ug/g for As(lll) and 4600 ug/g  Adsorption (2]
for As(V) ; Fe304 shows 8196 ug/g for As(lll)
and 6711 ug/g for As(V)
Zinc Oxide(ZnO) 10nm 156.74 for Cd(ll), 194.93 for Pd(ll), 67.93 for Adsorption 1os)
Co(ll), 115.47 for methylene blue, 62.19 for
congo red, 14.54 for Pb(ll), and 47.5 for Cu(ll)
(all in mg/g unit)
Palladium (Pd) 38nm Phenol red-dye degradation Photocatalytic degradation 1541

Bio-Pd
Graphene oxide (GO)

Reduced graphene
oxide (RGO)
Ceria-incorporated trititanate
nanotube composite
(CTNQ)

1. nm2)2-12nm
400 nm-2 um

average length-95 nm,
average diameter-9nm

1)Methyl orange removal
2)reduction of 200 mg/L Cr(VI)

Reduction

[104]

46.6mg/g Cu(ll), 842 mg/g Pb(ll), 108.3 mg/g Adsorption [90-92]
Au(lll), 106.3 mg/g Cd(ll)
158mg g~ of methylene blue Adsorption 1os)

Fluoride ions adsorption capacity 65.37 mg/g

Adsorption via anion
exchange

[80]

Ce0,-Zr0, nanocages 80-100 nm Fluoride ions adsorption capacity 111.6 mg/g Adsorption via anion 791
exchange
Fe-Pd 47+11.5nm Dechlorination of monochlorocetic acid Reduction 1701
Gold-silver (Au-Ag) alloy <10nm Catalytic degradation of 4-nitrophenol Reduction 76l
Copper-lron(Cu-Fe) 63.6 nm Dechlorination of hexachlorobenzene (HCB) Reduction 1731
Ag-Zn - Degradation of trihalomethanes Reduction 73]
Ag-Cu 114nm 95.21% MO, 98.57% MB, and 96.65% Adsorption 74
Eosin-Y(EY), removal
Fe-Ni 60-85 nm Removal of triclosan and Cu(ll) Adsorption followed by 1106

reduction of Cu(ll) and
reductive dichlorination of
triclosan

effective encapsulation of colloidal particles in the subse-
quent sections.

4. Polymer wrapped metal nanoparticles for ground
water remediation

The role of biodegradable polymers for supporting the active
agents is very crucial in terms of environmental benignity,
long term effectiveness, easy tunability, and better mobility
through the subsurface. The polymer wrapped nanoparticles
are often termed as colloids. In general, colloids are known
as the nano to micrometre sized suspension of solid particles
in water or oil medium. Milk, blood, and ink paints are the
practical examples of suspensions in water. Inside water, the
colloidal surfactants are stabilized by creating emulsion
which is also called Pickering emulsion-based system, named
after “Pickering” which creates a rigid or semi-rigid barrier
around the emulsion droplet and through a steric barrier
prevents the particles coalescence. The wettability is highly
controlled by the contact angle and most importantly it does
not require higher concentration like surfactant to create a
robust barrier for the droplets. Also, the colloidal particles
are having customizable functional groups over the surface
which can provide extensive mechanical stability. The excep-
tional stability of colloidal suspension in aqueous media is

regulated by the surface charges, pH and ionic strength (IS)
of the solution. Generally, the organic colloids possess a
negative surface charge density due to the presence of
-COOH, and -OH groups. The negative charges repel each
other, and this electrostatic repulsion helps the colloidal par-
ticles for better transportability and suspension stability by
preventing unwanted agglomeration.!"'®) the detailed struc-
ture of biodegradable polymers and their mode of action is
discussed below (Table 2).

Structural aspect is also a controlling parameter for water
remediation applications. The spherical particles contain the
least surface energy and easy to synthesize. However, recent
studies include various shapes like ellipsoid, rods, disks,
worm like, cubic, cylinders, cups etc. other than spheres,
that can be designed depending on the nature of the com-
pounds and the synthesis methodology,'**"*!) while the
compositional anisotropy can be seen in Janus type colloid
particles.!"** Besides, researchers from the past two decades
have been trying to optimize various shapes of such colloids
which ranges from vesicular structures to capsules, mesopo-
rous structures, metal organic framework, liposomes (con-
taining enzymes or virus) etc.!'**! (Figure 7). Higher surface
area and dense functional groups on the surface aid the par-
ticles to adsorb the contaminants like heavy metals, organic
dyes, trace elements, NAPL etc. which are abundant in the
ground water, !> Organic contaminants are commonly
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Table 2. A generalized polymer toolbox with their functional properties.

Classification Polymer

Chemical structure

Functional properties

Refs.

Natural Starch
polymers

Carboxy methyl
cellulose
(CMQ)

Chitosan

Lignin

Alginate

Cyclodextrin

OH
S o
o
HO OH

OH
o] (o]

Amylose HO OH

|
1
! o
. Ofio

| OH
o

H

OCH,COONa
0 .&/
OCH,COONa
n
OH
NH,
o) HO
O%o < d
NH, - 1

OH
0}

OH

£,

SO

0. ONa

HO
—O,

m
’&\ %Amylopectm

Hydrophilicity,

biodegradability, multi-
hydroxyl functionality,
nontoxic, higher
availability, and higher
adsorption capability.

Water solubility,

Biodegradability, film-
forming ability,
nontoxic, adsorption
ability.

Biodegradability,

biocompatibility,
nontoxic, antimicrobial
property, active
functionality (-NH,
group),

Biodegradability, nontoxic,

multi-functionalities
(hydroxyl, carbonyl,
methoxy, carboxylic) for
adsorption and
chelation of metal ions,
rigidity.

Biocompatibility,

biodegradability, higher
gelation ability, super
hydrophilicity, higher
adsorption capability.

Biodegradability, nontoxic,

the hydrophilic exterior
and hydrophobic
interior, encapsulates
metals via host-guest
inclusion complex
formation, stability in
harsh conditions (pH
ranges from 3-12 and
temperature up to

250 °0)

[119]

[120]

[121]

[122]

[123]

[124]

(continued)
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Table 2. Continued.

Classification Polymer

Chemical structure

Functional properties Refs.

Synthetic PLA
polymers

Polyethylene glycol (PEG)

Polyethylene glycol
diacrylate (PEGDA)

Polyacrylic acid (PAA)

Poly (hexamethylene 2,3-
0-
isopropylidenetartarate)
(PE),

Poly(2-acrylamido-2-
methylpropanesulfonic
acid) (PAMPS)

H,C

Water insoluble but 2T

(0] hydrolyzes in moisture
rich conditions,
biodegradable,

n nontoxic, brittle,
adsorption capability.

Biodegradability, molecular 16l

weight tunability,
hydrophilicity, nontoxic.

Hydrophilicity, non- [126]

biodegradable but
environment friendly,
higher mechanical
rigidity, ability to form
3D network when
crosslinked, nontoxic.

Anionic polymer which
has ability to chelate
metal ions and selective
organic dyes, generate

(§) active radical for
advanced oxidation
processes.
Superabsorbent ability.

Biodegradable, stimuli-
responsive nature;
hydrophobic to
hydrophilic
transformation ability
under acidic media or
presence of UV.
Chelation property,

[28]

[45]

nontoxic.
Biodegradable, water n271
n solubility,
superabsorbent,
zwitterionic in nature,
NH tunable mechanical
properties.
CH,
SO;H

removed through adsorption or breakdown via redox reac-
tions, whereas heavy metals and metalloids are typically
immobilized by adsorption and precipitation processes. The
similar concept is drawn toward the synthesizing colloidal
particles in nano to micro level for various applications.

4.1. Mechanistic insights of transportation of colloids
through subsurface to reach ground water

In order to know the mechanism of the colloidal transport
through the soil media, we need to understand the nature of
the transportation media (soil particles) where the migration
and interaction of the colloidal particles happen.

Soil is the essential support for the agriculture, livelihood,
and raising livestock. This is the material that covers the
major portion of the terrestrial part of the Earth and consist
of organic matter, weathered rocks, minerals, water, and air.

Depending on the air-water content, soil subsurface are div-
ided into three segments- vadose, capillary and saturated
zone (Figure 8a). Vadose zone is considered to be adjacent
to the ground surface and reaching toward the aquifer level,
whereas saturated zone is extended from the top of the
groundwater to the rock layer where the level of saturation
of soil is 1. The capillary zone is exactly at the intermediate
of above two zones which maintain the capillary pressure of
the ground water. There is a primary difference between the
local environment of vadose and saturated zone. Mostly, the
pores of soil in the vadose zone consist of air but the pore
in saturated zone contains water. The vadose zone contains
comparatively higher organic matter and higher microbial
activity due to presence of oxygen content than the satu-
rated zone; the contaminants’ transportation in the vadose
zone is mainly horizontal which resides exactly opposite of
the saturated zone. Also, the chemical nature of the vadose
zone differs significantly which remains invariable in the
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saturated zone. So, it is important to design the colloid sys-
tem which can bind with the suitable contaminants present
in either the immobile aquifer or bind with the particulate
matters present in the ground water.!'*>13¢]

The application of colloidal particles or surfactants in
groundwater remediation operates through several key
mechanisms, including micelle formation, adsorption, and
emulsification. Surfactants can form micelles which encapsu-
late hydrophobic contaminants effectively by increasing their
aqueous solubility and facilitating their removal whereas, the
amphiphilic colloidal particles or surfactants remain stable
inside the soil during transportation due to the electrostatic
repulsion between the soil particles and can bind with the
hydrophobic contaminants in the vadose zone and desorbing
bound contaminants into the aqueous phase through

0e%

Shape anisotropy

voe/9 o

Anisotropy of colloidal ‘
particles ‘
\
Swh @

Compositional
anisotropy

wHhe

\u' " y‘

Surface anisotropy

Figure 7. Categorization of different shaped particles (Inspired and redrawn
from Refs. [132133]),

electrostatic interaction, Van der Waals force, complexation
or any chemical linkage which is effective for addressing
non-aqueous phase liquids (NAPLs) and other persistent
organic pollutants that are challenging to remediate by the
conventional methods. The halogenated or non-halogenated
hydrocarbons migrate through the soil vertically due to
chemical spillage as waste under the forces of gravity and
soil capillary.!"”) While migrating, DNAPL reaches to a cer-
tain limit where some proportion of it reach to the ground
water and some part differentiate from the continuous phase
of the DNAPL and retain in the porous soil media as iso-
lated globules. The latter one is termed as residual saturation
which appears in the unsaturated zone (vadose zone). With
time, the residual DNAPL globules invades to the ground
water through the vadose zone and gets solubilized by the
hydrocarbon parts and reaches to the lower permeable zone
where the pressure depletes and starts flowing laterally with
the ground water[137:138] (Figure 8b,c).

Extensive investigation suggest that the in-situ mobiliza-
tion is the effective way to disperse and transport the colloid
particles inside the aquifer and adsorb onto the porous sub-
surface. The transportation of the colloidal particles through
sands is dependent on few crucial factors: (1) the chemical
composition of the colloids, (2) porosity of the sand, (3) the
composition of the minerals present in sand, (4) chemicals
present in aqueous media, (5) the sticking coefficient (6) the
hydraulic flow, and (7) the alteration of ground water qual-
ity due to heavy rain/drought.!"**! The ionic strength (IS) of
soil keeps changing due to the alteration of the weather
which changes the soil quality by repeated wetting/dry-
ing."**! pH promotes the mobility and encapsulation of
charged species. For instance, high pH makes the surface of
a specific type of colloid negatively charged which can
absorb metal ion contaminants,'**4!]
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Figure 8. (a) Soil subsurface division- vadose zone, capillary zone and saturated zone, and ground water contamination by (b) LNAPL and(c) DNAPL pool (Adapted

with permission from Ref. '),
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The transport of the metal ions is facilitated by the sup-
port of polymers. Biodegradable polymers are excellent sup-
port systems for the immobilization of colloidal particles.
According to the classical colloidal theory, colloidal particles
can be transported within the range of meters although the
major factors, the particle size and the type of sand control
the mobility of the particles which are based upon several
well studied models.!"*>"'**! Research has been carried out
with the transport of ZVI and the different polymer coatings
which gives the colloidal particles stability during the col-
umn transport study. The performance of nanoparticles
incorporated colloidal polymeric particles is mainly based on
their shape, size and surface charge. All these properties can
be tailorable by choosing specific synthetic method. In the
next section, the synthetic methods which are commonly
used for the preparation of nanoparticles incorporated col-
loidal polymeric particles are discussed.

4.2. Synthetic strategies of nanoparticles incorporated
colloidal polymeric particles for ground water
remediation

There are several synthetic routes for the formation of the
colloidal particles investigated for last two decades.
Researchers adopted some selective synthetic approaches
based on the morphology of the particles. Scientists have
been using emulsion-based, self-assembly driven, in-situ
chemical reduction, microfluidics, and electro hydrodynamic
co-jetting (EHDC) method. A brief discussion on each has
been stated below.

4.2.1. Emulsion-based synthesis

This is one of the earliest low energy-based synthesis meth-
ods for the colloidal nanoparticles’ synthesis, since it does
not require any specialized instruments but only depend on
the nature of emulsifier, oil or water media and the reaction
conditions. An emulsion is such a system which consists of
two immiscible liquids (one is dispersed in the other); the
dispersed systems are either inorganic particles or polymers.
These systems are termed as colloidal capsules or colloido-
somes. The typical synthetic route for the colloidosome syn-
thesis follows three steps: (a) the dispersion of the colloidal
particles in either oil or water phase of the emulsion, (b) the
adsorption of the colloidal particles at the interface of the
emulsion droplets, and (c) the transfer of the stabilized
emulsion droplets to a continuous phase. The techniques
which focus on the strengthening of the shell of the colloi-
dosomes are- (a) dialysis,ms] (b) solvent evaporation,[146]
(¢) ultrasonication,!'*”! (d) salting out,"*®! and (e) nanopre-
cipitation,[149_153] (Figure 9).

Apart from these, other advanced techniques of the shell
reinforcement consists (a) thermal annealing, (b) covalent
crosslinking, (c) polyelectrolyte complexation, and (d) gel
trapping.!">”) Dinsmore et al. first demonstrated the term
“colloidosome” where carboxylated polystyrene latex based
emulsion droplets were formed followed by sintering the
monolayer of shell made of latex at 105°C.!"*®! The similar

approach was adopted later by a group of scientists as the
route provides annealed-shell structures to the emulsion
which lock in the cargos inside the shell. But it was noticed
that the inter particles fusion happening along with the
intra particles’ accumulation.!"*>'*°! In general, most of the
polysaccharides, PLA, PLGA, PEG, cellulose, chitosan, lig-
nin, dextran, etc.!'®"1%3! are efficient to form stable microe-
mulsion while encapsulating nanoparticles. For example,
microemulsion of lignin significantly reduces the size of Ag
nanoparticles to 153 +4nm from 227 + 3nm which was the
size from direct reduction of Ag salts.!'®” However, later
the Ag particles’ size became smaller (25-50nm) when chi-
tosan was employed as the stabilizing agent for pesticide
removal.'®®! Besides, amphiphilic block co-polymers like
PLA-PEG also encapsulated the nanoparticles effectively via
emulsion method. This system is ideal for remediating
effluents of textile or cosmetic industries where dyes and
chlorinated organic components are predominantly present.
Recently, ultrasonication becomes one of the easy routes for
synthesis of the polymeric colloidal particles. In this
method, both the active agent (like GO or CNTs) and poly-
mer (polyacrylic acid, chitosan) must have the ability to
sustain strong forces due to sonication."®® For example,
Shan et al. synthesized Fe-Mn encapsulated in graphene
oxide-chitosan moiety for effective removal of As from
ground water. The Fe-Mn system was embedded into chito-
san via ultrasonication.!*!! Moreover, another study found
that, cadmium sulfide (CdS) based nanocomposite was syn-
thesized with microcrystalline cellulose (MCC) via ultraso-
nication and this photocatalyst effectively degrades MB
from wastewater."®”! This method provides the polymers to
be the excellent protective layer to the active materials
inside and hence, can be used in capturing heavy metals
and degradation of dyes from textile industrial effluents;
however, these methods possess few disadvantages too due
to usage of high amount of surfactant, followed by their
purification. Also, phase separation poses a negative effect,
which sometimes create difficulty in the formation of multi-
layered particles.

4.2.2. In-situ chemical reduction

One of the captivating colloidosome syntheses occurred via
chemical reduction. Generally, the size of the metal nano-
particles cannot be controlled when the MNPs precursors
are reduced via conventional co-precipitation due to rapid
nucleation. Also, they get easily aggregated and settled
down in chunks during reaction. That's why a novel
approach to avoid this problem is to embed the nanopar-
ticles into a three-dimensional rigid moiety such as poly-
mers in-situ and further to study the contaminants’
adsorption in large scale. The general steps of these meth-
ods are: (a) reduction of metal precursor either pre-
encapsulation or in-situ, (b) encapsulation the zero valent
metal ions in a support of either inorganic[ws’lm or
organic compounds,”'”>"'7”) and (c) surface functionaliza-
tion, although the last step is optional depending on the
application (Figure 10). Mostly, encapsulation by polymers
and reduction of the MNP precursors happen in one-pot
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to get the better yield of the colloidal particles. Moreover,
the polymers not only play significant role in stabilizing,
but also, control the reactivity of the suspended metal
nanoparticles in varying physiological conditions (pH and
ionic strength) and also creating more adsorption sites.
Several polymers like carboxy methyl cellulose (CMC),
starch, cyclodextrin, starch, chitosan etc. Stabilize zero

[1547156])

valent nanoparticles like Pd, Fe, Fe-Mn, Fe-Ni etc. which
are briefly summarized in Table 3. The abundant func-
tional groups effectively chelate the metal ions and provide
support for freshly formed nanoparticles which becomes
well dispersed in the aqueous media, thereby removing the
chlorinated hydrocarbons, heavy metals which are largely
found in the industrial wastewaters.
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Recently major investigations are carried out by ZVI
[Fe(0)]in the water remediation. The simplest way to encap-
sulate zero valent nanoparticles is by treating the nanopar-
ticles’ precursors in presence of reducing agent and the
encapsulating agents (like polymers or metal supports) in
one-pot system.!'”®) Kim et al. and Gong et al. carried out a
similar kind of stabilization-reduction by synthesizing sul-
phidated ZVI and carboxymethyl cellulose stabilized ZVI,
respectively, by dripping the mixture of Na,S,0,/carboxy
methylcellulose and NaBH, solution into FeCl;.6H,O solu-
tion.!'7>1%) Whereas, Kumari et al. prepared sodium algin-
ate encapsulated ZVTI particles for removal of the Chromium
from polluted water."”*! Another interesting strategy to
prepare stabilized colloids in the oil-water interface is to
functionalize the colloid surface vig” grafting-to” and
“grafting-from” approach. The “grafting-to” approach
requires the attachment of polymers onto the reactive sur-
face (either film or particles) and the “grafting-from”
approach is the in-situ polymerization of the monomers
onto the macro initiators (particles’ surface previously anch-
ored with the reactive groups). Among these two routes the
latter one provides dense functionality on the nanoparticles’

surface, mostly accomplished by surface-initiated atom
transfer radical polymerization (SI-ATRP).!'8"182] SI_ATRP
provides dense, but controlled brush density onto the active
nanoparticles. Similar studies were carried out by Berger
et al. who designed a Janus nanoparticle (Jp) covered with
stimuli-responsive polymers on each hemisphere. On one
side, they have conducted surface initiated ATRP (SIATRP)
for the growth of brush like polymer chains from one hemi-
sphere of Si particles using “grafting from” approach, while
the other side was simply attached with reactive terminating
group of a polymer via “grafting to” approach. This unique
design provides an excellent outcome which enlarges the
possibilities of desirable fabrication methods of Jps.[***!

4.2.3. Self-assembly

Self-assembly is the process where colloidal particles organ-
ize themselves spontaneously by some interactive forces
such as Vander Waals, electrostatic, dipole-dipole, depletion
force, hydrogen bonding, - 7 stacking etc. and the driving
forces for the aggregation are thermodynamic and kinetic
parameters.'"**! Amphiphilic polymers (PEG-PLA or PEG-
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via attractive hydrophobic interactions (Adapted with permission from Refs.

PCL block co-polymers) or natural polymers like starch tend
to aggregate in a particular solvent (either aqueous or non-
polar solvent) and arrange themselves in micellar or vesicu-
lar structures allowing the encapsulation of various
hydrophilic and hydrophobic cargos.'®®! The synthesis of
colloidal particles is controlled by several factors such as
nature of solvents, concentration of the polymer, tempera-
ture and pH of the medium."®®! Evaporation-based tech-
nique is ruling the self-assembly; as the solvent evaporates,
separated particles get assembled and lead to aggregated
structure. Self-assembly can create ordered arrangements
such as crystalline or liquid crystalline phases. The process
is highly sensitive to factors such as particle size uniformity
(monodispersity), shape, and the nature of inter-particle
forces like electrostatic and Vander Waals interactions. For
example, spherical colloids can transition from a disordered
liquid phase to an ordered crystalline phase when the par-
ticle concentration increases, driven by the system’s entropy
maximizing its vibrational freedom.!'*7] Similarly, rod-
shaped colloids exhibit unique self-assembled phases like
nematic (orientationally ordered) and smectic (layered)
structures due to their anisotropic shapes. The additional
attractive interactions, such as depletion forces, further

[186,187 190])
’ .

broaden the range of self-assembled structures, enabling the
formation of complex configurations like tactoids, twisted
ribbons, and colloidal membranes! 815 (Figure 11).

The process of nucleation and growth also plays a critical
role in the self-assembly of colloidal particles, as outlined in
Sacanna et al’s work. In this case, the polymerizable oil
drops form on some preexisting polymeric seed at the
beginning of the nucleation and it follows the growth stage
which facilitates the expansion of the droplet size and
ensures uniformity. By modifying conditions such as seed
concentration and the addition of secondary monomers, it is
possible to create various geometries, including monodis-
perse dumbbells and multi-lobed particles. These stages of
nucleation and growth are observed and controlled using
advanced microscopy techniques, ensuring precision in par-
ticle size and morphologies.''*!! These assemblies not only
provide insights into natural systems, such as biological
membranes, but also hold immense potential for nanotech-
nology, where designer particles and tailored interactions
can create precise, functional structures. This approach as
well is well suited for treating organic micropollutants, pesti-
cides or pharmaceuticals from the industrial and agricultural
wastewater.'?) Self-assembly thus represents a convergence
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[196-1

of fundamental science and practical innovation, showcasing
nature’s ability to achieve order through inherent forces.!'**!
However, there are limited studies done for the colloidal
particles’ synthesis for ground water remediation via self-
assembly.

4.2.4. Microfluidic

This is the top-down approach for synthesizing uniform size
droplets by using certain mechanical forces of shear, cavita-
tion or turbulence. Highly intensive disruptive forces are
required to create stress on the primary emulsion and break-
down to small sized droplets which are further stabilized by
emulsifiers, thus this is classified in higher energy-based
processes. The microfluidizer consists of two crucial parts-
air driven pump, which is the source of the high pressure to
split the crude liquid stream into two parts, and a fixed
geometry interaction which is the center of the device
directing the flows toward one another passing each half via
a tiny aperture. The flow stream is guided through the
microchannels toward the impingement area by the micro-
fluidizer using high pressure (typically from 150kPa to
150 MPa), which produces a very high shearing action that
yields an incredibly fine emulsion."*'**! Hence cavitation
along with the shear force and the impact in the interaction
chamber decreases the size of emulsion droplets. A conven-
tional microfluidizer can produce nano emulsions via two
different pathways. It is basically two different instrumenta-
tions either can be two-step single channel or one-step dual
channel. The former technique needs the premixing of the
oil and water in a single chamber to prepare the coarse

multipI]e injection channels (red, green, blue, and gray) used for the generation of the multiple core double emulsions (Adapted with permission from Refs.
6-198
).

emulsion which needs to be passed through a single channel
for further processing. Whereas the later method feeds the
oil and water separately toward the intensifier pump, which
is substantially more effective than the former one in the
perspective of energy, time and economy (Figure 12).
However, the energy factor somehow misguides this method
while in operation, due to “over-processing” which increases
the size of the nano emulsions by recoalescence of the fine
droplets, if not properly optimized.'**2%!

Recently, few more advanced microfluidic techniques
have been reported by researchers for synthesizing core-shell
microcapsules. Such methods include focused surface acous-
tic wave (ESAW),20!] glass capillary microfluidics with
multiple injection channels (Figure 12d), 3D as well as 2D
flow-focusing microfluidic devices etc. These are highly effi-
cient processes which were elaborately discussed in a review
written by Zhao et al.!'”®’ Furthermore, scientists explored
various facile methodologies for synthesizing metal nanopar-
ticles loaded polymers for ground water remediation. A
larger variety of polymers can be compatible with this
approach. Among them PLA, PCL, photocurable polycapro-
lactone diacrylate (PCLDA), polyethylene glycol (PEG) were
mostly chosen for treatment of organic contaminants, phar-
maceuticals, dyes or heavy metal ions from the industrial,
textile, agricultural base wastewater effluents.!'*”'*8) For
example, a group of scientists synthesized polyethylene gly-
col (PEG) loaded Pd nanoparticles which was modified with
fluorescent labeled tobacco mosaic virus (TMV) templated
Janus particles for Cr removal,'***! other group, on the other
hand, have demonstrated the fabrication of polyethylene gly-
col diacrylate encapsulated titanium dioxide [TiO,-
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P(EGDA)] and Ag[Ag-P(EGDA)]microgel via microfluidic
route, which were employed to show photocatalytic degrad-
ation of methylene blue from waste water.!**2%]

4.2.5. Electro hydrodynamic co-jetting (EHDC)

It is a top-down process which needs high voltage as an
energy factor. Liquid droplets of multiple compositions are
produced by this technique, alike in a microfluidic reactor,
but the difference is the collection of particles. Generally,
polymer or any functional materials are loaded in syringes
in presence of any conducting liquid and subjected to high
voltage (5-15kV) which controls the propagation of multi-
component droplets toward the collector. When the primary
droplet leaves the needle tip, surface charge generates on
the droplet under the electric field which begins to change
its original shape and under certain voltage the electric
force overcomes the surface tension of the liquid and get
distorted to achieve a conical shape (termed as Taylor cone)
which further migrates toward the collector in the form of
jet sprays (secondary droplets) (Figure 13). Higher the volt-
age, the electrified jets tend to break into hundreds to mil-
lions of secondary droplets and collects in either aluminum
foil (electrojetting), in a rolling device as fibers/mats (elec-
trospinning) or in solution (electrospraying). Thus, the for-
mation of either continuous fibers or discontinuous
droplets is contingent upon the fluid’s viscosity and surface
tension, viscoelastic forces or the coulombic force. The
applied electric field, the molecular weight and concentra-
tion of the polymer, the flow rate, the viscosity, and
the conductivity are all significant factors controlling the
fabrication of a wide range of particle sizes, shapes, and
characteristics. Lahann et al. studied the effect of poly(lac-
tic-co-glycolic acid) (PLGA) concentration and flow rate for
generating various shapes as shown in Figure 13(c).
Increased polymer concentration hinders the Taylor cone

formation as well as jet becomes unstable and the probabil-
ity of formation of the fibers happen at the lower flow rate.
When the flow rate is increased, a transition from beaded
fibers to spherical particles can be observed. On the other
side, polymer with lower concentration with lower flow rate
leads to discoid shaped particles due to rapid solvent evap-
oration during the transition from the droplet stage to sol-
idified particles.”® However, the surface charge and
above-mentioned factors are not solely determining the
shape of the particles, but the role of solvent is also a cru-
cial factor. The optimum solvent choice is highly necessary
for the homogenous solvent evaporation throughout the
particles for smooth shape and spherical geometry. It has
been seen by mixing nonvolatile solvents with the volatile
one delays the solvent evaporation, in other terms, delays
the phase separation between polymers and solvent, gener-
ating multiple geometries like sphere,mﬂ rods, core-shell,
cup-shaped!'?%29%20%1 particles, depending on the process
parameters. Besides, multicomponent particles can also be
synthesized (Janus particles) by this technique using mul-
tiple needles while jetting the polymeric solution,!2°421%-211]
In order to form a stable jet, PLA, PCL, PLGA, and poly-
saccharides like chitosan, starch, dextran derivatives etc.
were employed to capture well dispersed nanoparticles
which are compatible with those polymers. There are very
few systems reported in the literatures by this process which
are effective in removing organic contaminants like NAPLs
and dyes from industrial wastewater. But a recent study
performed by Pandey et al. which perfectly coordinates with
the previous discussion, for the synthesis of the biphasic
Janus nanoparticles encapsulated with ZVI and the shell
made of biodegradable polymers for degradation of chlori-
nated contaminants (TCE). This work dealt with the fabri-
cation of ZVI incorporated amphiphilic polymeric particles
with Janus geometry using EHDC and their application in
water remediation in-situ. Upon changing the polymer
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concentration and simultaneous decrease in the flow rate,
extensively reduced the size of colloidal particles from
18 um to 700 nm so that the composite particles can be eas-
ily transported to the subsurface without compromising
their water dispersibility, while maintaining the catalytic
activity of ZVI nanoparticles. This particular example shows
how Janus geometry achieved by EHDC may enhance
the efficacy of the catalytic system by adsorbing at NAPL
and removing both hydrophobic and hydrophilic
contaminants,!*>%2]

These are some of the common techniques for the syn-
thesis of the colloidal particles with wide range of sizes as
well as shapes; the fabrication requires the optimization of
the concentration of the polymer, size of the metal nanopar-
ticles, appropriate surfactants and its concentration, and
suitable solvents. However, these polymers are also able
to encapsulate metal nanoparticles through various ways,
i.e.- biosynthesis, hydrothermal, sol-gel, ionic gelation,
reverse micellar method, co-precipitation, spray drying, ball-
mill, coacervation, microwave-assisted, gel trapping, covalent
crosslinking etc. The ultimate goal is to design a wide range
of pH, temperature, light or magnetic sensitive colloidal par-
ticles which offer sustainable application to remove contami-
nants from the ground water. Although this area is yet to
gain popularity in terms of membrane-based water decon-
tamination technology, but this could be an effective green
method for the potential microencapsulation of the nano-
particles. Hence, to gain aconsiderable knowledge about the
systems already developed, we should get some idea about
subtle aspects of the contaminants which is summarized in
below table.

4.3. The importance of nanoparticles entrapped
biodegradable polymeric colloidal particles for
ground water remediation

The recent advances in the biodegradable polymers encapsu-
lating nanoparticles brought innumerable successful applica-
tions in the field of contaminants’ removal. Since,
biodegradable polymer leave nontoxic residue in the water
in most cases, polymers provide functional support and tun-
able surface which accelerates the contaminants’ adsorption
and binding with the nanoparticles. Moreover, the crucial
role of polymers is to create homogenous suspension in
water, and better transportability via subsurface. Few exam-
ples elaborating on the role of biodegradable polymers in
stabilizing the active nanoparticles are stated below in
Table 3.

These stabilizers can vary from naturally obtained poly-
saccharide to commercially synthesized polymers. Hoch
et al. synthesized ZVI impregnated onto carbon via carbo-
thermal method which was able to convert toxic Cr(VI) to
Cr(III). Subsequently they added CMC and polyacrylate
(PAA) to these particles to examine their stability and
received encouraging results. CMC modified nanoparticles
was able to convert Cr(VI) for 7 days whereas, bare nano-
particles were stable only upto 3days.?"*! A group of
researchers examined a lab-based study for the removal of

nitrate and phosphate by the help of ZVI coated with poly-
mers.?'*! They used a variety of polymers such as polyacryl-
amide (PAA), carboxymethyl cellulose (CMC), Polyethylene
sorbitan monolaurate (PSM) and polyvinylpyrrolidone
(PVP) and assessed their removal efficiency. Simultaneously,
field-based study was also performed with the polymer stabi-
lized metal nanoparticles.”’>*'*) For instance, Moyo et al.
demonstrated the removal of hexavalent Cr(VI) from waste-
water using Pd nanoparticles embedded onto the
Polyethylene imine (PEI) grafted macadamia nutshell (MNS)
scaffold.””’ MNS is a type of biomass containing large
amount of cellulose and lignin. The structure of raw MNS
contains insufficient pores which can attach the nanopar-
ticles’ precursors due to presence of lignin moieties. Hence,
lignin was removed through bleaching (upon treatment with
NaOH and H,0,) from the raw MNS before being function-
alized with PEIL. On the other side, PEI possess lesser affinity
toward the hydroxyl groups of delignified-MNS (D-MNS),
so another cross linker such as glycidyl methacrylate (GMA)
was added onto the surface of D-MNS through surface rad-
ical initiated addition polymerization. Hence, finally Pd
nanoparticles’ precursors were immobilized onto the scaffold
via hydrazine mediated reduction to form Pd@PEI-MNS.
There are three kinds of sites present in this scaffold (i)
adjacent to the ligands and far from Pd nanoparticles; (ii)
adjacent to both ligands and Pd nanoparticles; and (iii) adja-
cent to Pd nanoparticles and far from ligands. Further
research was carried out to compare the Cr(VI) removal
capacity between PEI-MNS and Pd@PEI-MNS in presence
of formic acid(HCOOH) and found an exciting result which
showed, in the first 120 mins of addition of the scaffold in
the Cr(VI) solution, the removal of Cr(VI) is higher for
PEI-MNS than the latter. The reason behind this was the
presence of higher number of accessible ligands which facili-
tated the adsorption and reduction of the incoming Cr(VI)
ions in the former scaffold whereas, in the Pd@PEI-MNS,
only site (i) and (ii) were accessible, since most of the por-
tion was occupied with Pd nanoparticles. But surprisingly,
after 120 mins, the reverse phenomenon happened i.e.
Pd@PEI-MNS showed higher removal capacity for the
Cr(VI) ions due to sustained release of Pd nanoparticles
(Figure 14a,b). This was the result of reduction capability of
Pd nanoparticles in presence of HCOOH. It was hypothe-
sized, Pd nanoparticles started reducing the Cr(VI) ions
when the efficacy of ligands was exhausted; thus, this scaf-
fold was a promising candidate for Cr(VI) removal from
contaminated water for prolonged period (reusability
achieved uptol5 consecutive cycles). Similar Kind of work
reported in another biomass of spent coffee ground (SCG)
as a sustainable source for the encapsulation of Pd nanopar-
ticles by Chan et all'’! SCG is composed of cellulose,
hemicellulose and lignin. In this work, they have first
delignified the SCG by H,0, to produce delignified SCG(D-
SCG) and then reduced Pd-salt to Pd(0) in-situ followed by
encapsulating Pd(0) inside the D-SCG cavity to produce Pd-
D-SCG (Figure 14c). The main reason for delignification is
to enhance the cavities for higher catalysis rate and also the
hydrophilicity of the system for better immobilization.
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Table 3. Role of biodegradable polymers on the nanoparticles and their various applications in removal of contaminants.

Nanoparticles

Encapsulating system

Method used for the
synthesis of colloidal
particles

Role of biodegradable
polymers for encapsulating
nanoparticles

Contaminants
removed from ground
water

Refs.

n-ZVl

n-ZVl

Ag

Fe;04

GO

Pd

Au

Cu,0/Cu0

TiO,
Ni3Si,05(OH),

nanotubes

MwCNT

TiO,

Sodium carboxymethyl
cellulose (CMQ)

Cyclodextrin

Starch

Poly(acrylic acid) (PAA)

PAA

Poly(ethylene imine) (PEI)
grafted macadamia
nutshell (MNS) scaffold

Carboxy methyl cashew gum
(CMCG)

Chitosan

Chitosan

Poly(2-acrylamido-2-
methylpropanesulfonic
acid) (PAMPS)

Hydroxyapatite

Thiazolylazopyrimidine (TAP)

In-situ chemical
reduction

In-situ chemical
reduction

Microwave irradiation

Reduction of metal
salts via
hydrothermal
method followed
by sonication.

In-situ polymerization

In-situ chemical
reduction

Microwave irradiation

Ball-mill

Nanoprecipitation

SI-ATRP

Ultrasonication

Ring opening reaction

Provides long term stability,
dispersibility and
sustained release of the
nanoparticles.

The rigid hydrophobic core
and relatively loose
hydrophilic surface

provide higher mechanical

strength to the polymer
which produce extensive
sorption activity toward
the organic compounds
via host-guest interaction.

Acts as biological reducing
agent and protects the
nanoparticles from
agglomerating.

The acidic groups(-COOH)
provides better chelation
ability to the metal ions
than bare Fe;0, particles.
Also, these acidic groups
make the particles pH
sensitive which
accelerates the stability in
different geological
conditions.

Presence of C=0 groups in
polymer aids the -1
interaction between
phenol and GO and also
helps GO to be
dispersible in water for
longer period of time.

The presence of nitrogen
groups of PEl help
anchoring the metal ions
present in water and also

provides better stability to

the Pd nanomaterial.

This polymer also produces
Au nanoparticles in-situ;
and the presence of -OH
and -COOH groups
effectively chelates with
metal ions and also bind
with dyes.

Chitosan contains the

functional groups of (-NH,)

and (—OH) having a strong
ability for complexing
with Cu®" ions. Upon
milling, the Cu®* are
adsorbed and/or captured
onto Cs surface using
(-NH,) and (-OH) groups.
The functional groups of the
polymers enhance the
chelation ability of As.
Provides stability to the
nanotubes and better
adsorption ability toward
the cations due to its
higher isoelectric point.
This polymer remains stable
during water remediation
for long time as well as
produce ion-exchange
capability with several

anionic pollutants and the

abundant OH groups
show chelation ability
toward the heavy metals.

TAP acts as light sensitizer
which promotes the
photocatalytic ability of
TiO,,

Trichloroethylene
degradation and
removal of Congo
red (CR) dye

Removal of p-
nitrophenol

Methyl orange (MO)
and Rhodamine B
removal

Cu(ll) and Cr(VI) ions
and methylene

blue (MB) dye
removal

Phenolic waste
removal

Cr(Vl) ions removal

Methyl red and Hg2"
detection

Removal of 4-
nitrophenol, MB
and MO.

As(lll) removal

Pb(ll) removal

Pb(ll) andMB removal

Cu(ll) removal

[22,23]

[24]

[25]

[26,27]

[28]

[29]

[30]

[31]

[32]

[26]

[33]

[34]

(continued)
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Nanoparticles

Encapsulating system

Method used for the
synthesis of colloidal
particles

Role of biodegradable
polymers for encapsulating
nanoparticles

Contaminants
removed from ground
water

Refs.

Fe;04

Fe;0,4 and
MWCNTSs

TiO,

Fe-Pd
(palladized iron)

Fe-Mn

Fe-Mn

Carbo-iron

Fe-Ag

Co-Ni- Fe;0,4

n-ZVI

GO

Carboxymethyl-f-cyclodextrin
(CM--CD)

Poly(ethylene glycol) (PEG)

Poly(ethylene glycol
diacrylate) (PEGDA)

Starch

Polysaccharide

Chitosan-GO

mcC

Chitosan

Chitosan

PLA and PE [poly
(hexamethylene 2,3-0-
isopropylidenetartarate)]

Chitosan

Co-precipitation
method

Co-precipitation
followed by
ultrasonication and
heating

Microfluidic

In-situ chemical
reduction

In-situ chemical
reduction

Ultrasonication

Chemical reduction

In-situ chemical
reduction

In-situ chemical
reduction

Electro hydrodynamic
co-jetting

Electrospraying

Multiple OH and COOH
groups enable
complexation with heavy
metals and the cavity
structure of f-cyclodextrin
ensures the selective
inclusion of organic
molecules.

The amphiphilic character
helps the polymer to
attach with both metal
ions and organic dyes.
Also, helps the
nanoparticles to be water
soluble, biocompatible
and dispersible in water
for long time.

PEGDA enhances the binding
ability of MB via van der
Waals forces and H-
bonding.

The hydroxyl groups act as
secondary support for
effective redction of Fe(lll)
to Fe(0) and stabilization
of the bi metallic
nanoparticles for a longer
period of time.

Stabilizing agents and
enhancing the mobility of
the bimetallic
nanoparticles

Stabilizing the bimetal
system and anchoring the
contaminant effectively.

Stabilizing agents and
enhancing the mobility of
the bimetallic
nanoparticles

The cationic surface of
chitosan provides the
bimetal system an
extensive stability via
electrostatic repulsion.

Chitosan covers iron-based
moiety and also the
presence of functional
groups enhances the
attraction for the organic
contaminants. Also, the
functional groups hold
Co-Ni metals by chelation
for effective removal at
ambient temperature.

The presence of one
hydrophobic part (PLA)
and one hydrophilic
part(PE) (which become
OH containing moiety
after deprotection)
provides amphiphilicity to
the particles which
enhance the
transportability of the
particles for better
suspension and catalytic
activity of the ZVis.

The polymer provides a base
for honeycomb cob-web
like structure and entraps
the GO inside it for
adsorption of cationic and
anioic dyes.

MB, bisphenol-A and
resorcinol removal

MO capture and
removal of tracer
amount of Cd(ll)
and Pb(ll).

MB removal

Dechlorination

Oxidation of As(lll)
and As(V)

Oxidation of As(lll)
and As(V)

Dechlorination

Removal of BOD, COD,
turbidity.

Removal of MO
(93.14%) and 2,4-D
(95.50%)

Dechlorination

Adsorption of heavy
metal ions of Pb(ll),
Cu(ll), Cr(vl), and
cationic dyes (MB
and Rhodamine B),
anionic dyes (MO
and Eosin Y, and
phenol.

351

[36,37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
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The negatively charged and porous surface of the 3-
dimensional system was able to attract the organic contami-
nants like 4-nitrophenol(4-NP) and positively charged
Methyleneblue (MB) through surface adsorption and then to
reduce both of them in presence of NaBH,. This catalytic
hydrogenation continued up to 5 cycles.

Researchers also produced successful results for capturing
Cu ions from water using stabilized gold (Au) nanoparticles.
Rastogi et al. synthesized 4-amino hippuric acid stabilized
gold nanoparticles (4-AHA@AuNPs), which showed select-
ive catalytic activity for the determination of Fe’™ and
Hg2+'[218] These gold nanoparticles produced peroxidase like
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activity when injected to the ground water rich in above two
ions and generate hydroxyl radicals to detect those ions
which prove their potential usability in field scale study.
Similarly, another group of people, Ruqya et al., studied the
calorimetric detection of Hg>" ions and catalytic reduction
of methyl red (MR) by carboxy methyl containing cashew
gum modified gold nanoparticles (CMCG-AuNPs) using
simple microwave irradiation.””) CMCG provides stabiliza-
tion to the generated gold nanoparticles, that was later
proved by showing their stability in water for two months
without agglomeration. The average size of the particles
remained in the range of 12+3nm whereas, upon binding
with Hg”" ions, they form aggregate. The reduction of MR
was studied in presence and absence of this catalyst, with
the addition of NaBH, and the outcome was in favor with
the catalyst. Within 12min, there was no change in the
absorption peak for the untreated MR, but a drastic decrease
in the absorption peak intensity, when MR was treated with
catalyst. Ghasemi et al. reported a thiazolylazopyrimidine-
functionalized TiO, nano sensor (TiO,-TAP) for the effect-
ive removal of Cu®" from water sample.® The selective
removal was detected through colorimetry as the azo ligand
produced a stable surface complexation with Cu** and as a
result immediate color change happened from yellow to red
due to charge transduction. The average size of the TiO,
particles lied between 18 and 31 nm whereas, upon surface
modification, the size got increased to 29-47 nm with no
significant change in shape, but with the increase in the
number of cavity sites. The system was applied in real world
samples taken from tap water, well water and sea water.
Within 1h of the addition, this system showed 100% Cu*"
removal from the water samples (Figure 14d).

Apart from these, The CMC-based bimetallic nanopar-
ticles show better transportation through sands, which was
attributed to the higher negative charges on the surface pre-
venting the nanoparticles from interacting with both the
sand particles and themselves. Earlier, He et al. simultan-
eously showed how starch and carboxymethylcellulose
(CMC) stabilize bimetallic moiety Fe-Pd (palladized iron)

nanoparticles for effective dechlorination of the halogenated
organic carbons (HOCs) in either soil or ground. Both the
starch and CMC provide the bimetallic nanoparticles stabil-
ity but, the negative charge over the carboxyl groups of
CMC provide excellent electrostatic repulsion to the nano-
particles preventing them from getting agglomerated.
Moreover, the CMC-stabilized nanoparticles show a higher
stability (continuous 9 days dispersibility in water) than the
non-stabilized ones (few minutes). In addition, the CMC-
stabilized particles showed 2 times more effectiveness for the
removal of HOCs than the starch stabilized particles. Also,
CMC-stabilized particle size was less (average size 4.3 nm)
than the starch-stabilized ones (average size 14.1 nm) which
accounts for the higher surface area leading to faster dech-
lorination.?'*??"!" Later, Juan et al. synthesized the same
system for the removal of chlorinated hydrocarbons like 4-
chlorophenol. In this work, the group synthesized the bimet-
allic nanoparticles in one-step rather than the conventional
step by step metal reduction which was more advantageous
and better yielding (Figure 15a).!?*"

Several other scientists further studied the synthesis of
bimetallic nanoparticles such as Fe-Ag based composite sta-
bilized via chitosan moiety for removal of Biological oxygen
demand, Chemical oxygen demand (BOD, COD) and tur-
bidity via coagulation/flocculation.’ Also, a group of
researchers synthesized Fe-Mn bimetal system via graphene
oxide-chitosan (GO-CS) coating for removal of As(III) from
water. The mixture of GOCS composites provide the bimetal
system a significant support for effective adsorption of As(III)
and simultaneous oxidation into As(V) (Figure 15b).141

Activated carbon (AC) are one of the most promising
low-cost materials which are highly investigated in both
in-situ and ex-situ water treatment. However, the in-situ
treatment holds some drawback for the only use of AC as
the particles possess a stability issue in the increasing ionic
strength atmosphere. So, Mackenzie et al. studied an effect-
ive activated carbon particles impregnated with ZVI col-
loidal particle having an average size of 800nm for the
halogenated organic hydrocarbon remediation. The main
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reason for the use of ZVI was to provide a reactive center to
the AC, as the AC could only form sorptive barrier inside
the aquifer. Moreover, they introduced a polyanionic mater-
ial such as humic acid to provide the particles more stability
while transportation through sands. Later the same group
further investigated about the transportability of carbo-iron
particles stabilized with CMC.!**''7?22] This colloidal system
was tested in a large scale sand column and it was found
that initial 20 kg carbon-iron injection helped to reduce the
perchloroethylene (PCE) significantly to a certain point but
after 10 wk, it again started rising, though remained below
the base value. Besides, the second injection led to reduction
of the PCE from 19mg/L to 1.5pg/L in 200days upon
injecting almost 110 kg of particles (Figure 16a,b).

Similarly, Sunkara et al. synthesized ZVI/C based colloidal
particles which were further stabilized by CMC. This compos-
ite performed the remediation of chlorinated contaminant

ram of CMC stabilized ZVI/C particles, (d) SEM image of ZVI/C-CMC colloidal par-

(Trichloroethane TCE) and showed stability for more than
24 h which was clearly visible in the Figure 16(c—e). The vis-
ual image illustrates the stability of the colloidal particles.!***!
Georgi et al. investigated the effect of activated carbon
colloidal (ACC) particles’suspension and studied the suspen-
sion stability by humic acid (HA) and CMC through batch
experiments via sand column.!''®! ACC has an excellent
capability to adsorb several hydrophobic organic compounds
(HOC:s). In this report, they have synthesized and optimized
the activity of colloidal ACC with particles size of 800 nm in
the aquifer medium. Both the HA and CMC possessed nega-
tively charged surface which can be effectively transported
through the negatively charged sand particles via electro-
static repulsion. However, HA and CMC generated a homo-
genous deposition in the column resulting in the creation of
uniform artificial sorption layer in terms of colloidal depos-
ition in the sand column, but HA stabilized ACC showed
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less suspension stability than CMC in the hard water envi-
ronment. Results proved even in lower ACC concentration
(5g/L) and presence of 2mM Ca’" concentration, HA
became ineffective whereas, CMC stabilized ACC achieved
the stability in hard water conditions. Even at 11g/L con-
centration of ACC was able to sustain 5mM concentration
of Ca*"indicating their promise for the future on-field appli-
cation of the activated carbon. Another group studied the
colloidal activated carbon (CAC) and their stability using
polydiallyldimethylammonium chloride (PolyDM) for the
treatment of polyfluoroalkyl substances (PFAS). In their
study, Guan et al. reported that polyDM was positively
charged entity which altered the negatively charged CAC
and made the overall charge of polyDM-CAC negative.
Unlike the previous study where CMC stabilized ACC was
negatively charged, this polyDM-CAC had an affinity toward
quartz/sand particles via electrostatic attraction. This inter-
action created a high energy barrier which provides the par-
ticles to form strong bond with sand particles and prevented
the particles to mobilize even if the ionic strength of the
surroundings altered.”?*! At a low ionic strength (0.1 mM),
the polyDM-CAC particles were transported through sand
to a particular layer and created a stable sorptive barrier in
the regions like coastal area where fluctuations of the ionic
strength frequently happens. Apart from these, GO and
CNTs play crucial role in remediation of contaminants. GO
and CNTs have extensive stability under water unlike the
metals which are prone to easy oxidation. Due to presence
of hydroxyl groups, GO has tendency to form H-bonds with
polysaccharides which further enhance the suspension stabil-
ity of GO (Figure 17).1*), However, there are very few liter-
atures reported for polymer modified CNTs for the waste
removal from ground water probably due to their high cost;
rather CNTs are generally used for membrane-based appli-
cations for site-specific waste water treatment.

Unlike the other fields, the discovery of Janus nanopar-
ticles (Jps) could not grasp the interest in scientific commu-
nity for nearly first 10years due to absence of efficient
methods. Later, with progression in unique fabrication

techniques, the particles gained lucrative attention toward
materials scientists.!**®)  Suitably functionalized Jps may
behave like surfactant due to presence of their amphiphilic-
ity. This property promotes the particles to stabilize emul-
sion or foams for an extended period. The Jps have a higher
interfacial activity which helps to stabilize multiphasic sys-
tems (oil in water) by lowering their interfacial tension,**”’
For example, Glaser et al. studied the synthesis of Jps having
gold in one side and iron oxide on the other and subse-
quently studied the interfacial activity of Jps in hexane-water
interface. To achieve highly effective amphiphilicity, gold
compartments were capped with Dodecanethiol (DDS) and
Octadecanethiol (OTD). The size of the Jps was found to be
very less (14nm) which were used further for interfacial
study in hexane phase and water as a drop phase. The inter-
facial tension significantly dropped (22.5mN/m in case for
DDT capped gold particles and 18 mN/m for OTD capped)
with respect to pure hexane-water mixture which proved the
surface-active properties of those tiny biphasic particles
(Figure 18a,b).[2%8!

Recently Ifra et al. and Pandey et al. synthesized a class
of Jps via EHDC to produce ZVI encapsulated bicompart-
mental nanoparticles which were found to produce stable
emulsion for 4months and 1month, respectively[45’208]
(Figure 18c—e). In this former case, surface-initiated ATRP
(SIATRP) was carried out for one hour to growpoly(2-
dimethyl amino ethyl methacrylate) [PDMAEMA)] brushes
from the surface of the bicompartmental spheres containing
iron nanoparticles in one hemisphere followed by gold
immobilization on the brush modified compartment only.
The whole composite particles containing dual metallic
nanoparticles were employed for the emulsion stabilization
as well as interfacial catalysis to remove both hydrophobic
and hydrophilic contaminants from water. Whereas Pandey
et al. thoughtfully applied Janus nanoparticles inside ground
water to deliver the catalytic nanoparticles in controlled
manner at targeted zone. Later the same group developed a
set of Janus particles composed of biodegradable polymers
such as polylactic acid (PLA) and hydroxyl functionalized
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Figure 18. (a)Schematic presentation of the Jps
(Adapted with permission from Ref. ?2®)). (c) and

shows the better transportability of the P3 system

polyester for encapsulating ZVI and performed sand column
study in presence and absence of harsh environmental con-

ditions (presence of varying ionic

(grey-iron oxide particles and yellow- gold) and (b) Interfacial tension measurement for surface modified Jps.
(d) Represents the schematic diagram and formation of the Jps made by Ifra et al. in oil-water interface and (e)
emulsion stabilization of the Jps. (Adapted with permission from Ref. 1208)y (f) zvI encapsulated in P1- only PLA (without modification), P2- plasma treated PLA, and
P3-both compartments having PLA in one side and tartrate-based polyester in another side which provides the amphiphilicity to the Janus particles. The graph

along sand column (Adapted with the permission from Ref. 22%),

strength). They have

found that the ZVI loaded Janus particles provided best
result even under harsh conditions due to their enhanced
mobility through the sand column (Figure 18f).[*>2?)
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5. Current challenges of MNPs incorporated
colloidal polymeric particles in real-time ground
water remediation

Colloidal polymeric metal nanoparticles have garnered signifi-
cant interest in recent years for in situ groundwater remedi-
ation, particularly for their ability to target and degrade a
wide range of contaminants, including chlorinated solvents,
hydrocarbons, and heavy metals. These nanoparticles are
entrapped and stabilized with natural or synthetic polymers
(e.g., polyacrylic acid, carboxymethyl cellulose, or dextran),
exhibiting enhanced colloidal stability and reactivity, allowing
for deeper subsurface transport and prolonged activity. Very
few patents have been granted in this area, mostly with n-ZVI;
such as US patent 20100232883, which describes a method for
delivering polymer-coated reactive nanoparticles for ground-
water cleanup, and W02014168728A1 focusing on the use of
bare nZVI or polymer-entrapped nZVI, such as calcium-
alginate-entrapped nZVI, as environmental remediation
agents for removing contaminants like arsenic from aqueous
media.?****!] These innovations have enabled more effective
in situ treatment strategies, minimizing excavation and reduc-
ing long-term remediation costs. Table 4 summarizes about
the accepted patents of polymer encapsulated n-ZVI for their
application in ground water remediation in situ.

These composites are designed to adsorb and degrade
chlorinated hydrocarbons such as trichloroethylene (TCE) in
contaminated environments.**) These patents highlight

advancements in the development of polymer-stabilized iron
nanoparticles for the effective in situ dechlorination of
NAPLs in contaminated soils and groundwater. However,
most of the study still confined in the laboratory. Scaling up
colloidal systems remain a significant challenge and requires
rigorous optimization at industrial scale. Another complex
problem is to prepare water dispersible but cost effective
biodegradable colloidal systems which remain stable under
varying hydrogeological conditions. Since, industrial applica-
tions require field-scale deployment for treating TCE, and
PCE plumes, with improved dispersion and contaminant
contact provided by the polymeric stabilizer. Also, it is cru-
cial to establish standardized protocols to obtain consistent
transport and application of the materials inside ground
water for reliable data generation. For example, an industrial
zone contaminated with high degree of waste effluent needs
well dispersed colloidal particles which remain unperturbed
at ionic strength region and deliver the active catalyst at tar-
geted zone. This requires a further comprehensive risk
assessment to ensure the secondary pollution generated by
the overdose of injected materials. Similarly, varying ionic
strength and the temperature fluctuations of the subsurface
may alter the conventional release kinetics of the active
agents. The available data are yet to meet the requirements
for the real-field applications which must be addressed for
revolutionary progress in this field. Therefore, judicious
research is required in order to refine the procedures for
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Table 4. Patented studies for polymer encapsulated metal nanoparticles.

Patents Metal nanoparticle Polymer/stabilizer Applications Ref.
W02014168728A1 n-Zvl Calcium-Alginate Arsenic removal in groundwater remediation (2301
US20100232883A1 n-Zvi Organic polymers Soil and aquifer remediation (chlorinated (231
solvents)
US20080190865A1 A Starch, Sodium Carboxymethyl In situ degradation of chlorinated hydrocarbons (2321
Cellulose (CMCQ) in soils, sediments, groundwater
US20130058724A3 n-Zvi Carboxymethyl Cellulose (CMC) Composite materials for adsorption and 2331

dechlorination of TCE in groundwater

synthesizing the colloidal materials, serving the public regu-
latory issues and meeting the cost effectiveness of the prod-
ucts at industrial scale.

6. Conclusion and future outlook

For the last two decades, there has been a significant develop-
ment for the miniaturization of the available systems for sim-
plification of ground water remediation. Scientists are
working tirelessly to get micron or nano sized particles with
tunable functional properties. This metal encapsulated poly-
meric nano/micro particles can be synthesized easily via key
synthesis methods like- emulsion solvent evaporation, EHDC,
self-assembly, microfluidic etc. Applying pristine nanopar-
ticles in ground water remediation face many challenges
including their reproducibility, optimization for large scale
production, mobility, water dispersibility, and stability. The
metal encapsulation inside the biodegradable, eco-friendly
polymers effectively provided solutions for easy transport and
increased stability inside the ground water for a significant
time. Furthermore, it is very important to understand the
mechanism of colloidal particles’ transportation through the
subsurface region, the stability inside the aquifer, the inter-
action with contaminants and the contaminants’ removal.
Innumerable research has been conducted on such metal
encapsulated systems, whether it is supported by another
metal or inorganic systems or polymers. However, there is
very limited research on the biodegradable polymers which
can be employed to encapsulate metallic nanoparticles.
Though promising results were achieved, mostly these studies
remained in laboratory. Future research must focus on
rational designing of the colloidal particles and scaling those
up in economically favorable ways. In addition, the physico-
chemical characteristics and a well-accepted mechanism
through which the particles interact with the soil while trans-
porting through the subsurface are very rarely discussed in lit-
eratures. To establish a strong idea about the surface
chemistry and the fate of the particles deep down in the
ground water, especially at highly contaminated region, e.g.,
industrial waste contaminated zone, is vital for future research
development. Another crucial factor that future research must
address is the transition of the lab-based system to real-world
applications, ensuring it does not leave behind any toxic resi-
dues in subsurface. If industrially viable, the biodegradable
polymer coated nanoparticles would make them the most sus-
tainable water remediation approach as compared to the exist-
ing alternatives.
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