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Microgels have gained significant importance for the removal of pollutants owing to their stimulus-
responsive behavior, high stability, and reusable capacity. However, despite these advantages, several
hurdles need to be overcome to fully maximize their potential as effective adsorbents for eradicating
various contaminants from the environment, such as metallic cations, organic compounds, anions,
harmful gases, and dyes. Therefore, a critical review on the adsorption of pollutants by microgels is
needed. In this regard, this review presents the latest developments in the adsorptive properties of
microgels. The synthetic methods, architectural structures, and stimulus-responsive behavior of
microgels are explained in detail. In addition, this review explores various factors that directly influence

the adsorption of pollutants by microgels, such as pH, feed composition, content of pollutants, content
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Accepted 7th March 2024 of comonomers, agitation time, temperature, microgel dose, nature of both adsorbates (pollutants) and
adsorbents (microgels), nature of the medium, and ionic strength. Various adsorption isotherms are also

DOI: 10.1035/d4ra00563e explored together with the kinetic aspects of the adsorption process to provide a comprehensive
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1. Introduction

The environment is affected by a variety of organic," inorganic,”
and biological® pollutants introduced through both artificial
and natural processes. Inorganic pollutants include a variety of
noxious heavy metal cations* and anions.® The presence of these
ions in wastewater is detrimental to aquatic life. Furthermore,
wastewater contains diverse organic substances such as toxic
dyes,® herbicides,” antibiotics,® and aromatic compounds.® A
portion of these contaminants has the potential to accumulate
in the environment and become integrated into the food chain,
affecting living organisms. Furthermore, heavy metals can
inflict harm upon living organisms considering their reactivity
with organic species.

Thus, numerous methods have been devised for the treat-
ment of water containing various pollutants. These methodol-
ogies include flocculation,’ cementation," coagulation,
evaporation,® electrocoagulation,** ion exchange,' membrane
filtration,'® and adsorption.” However, these techniques are
associated with certain limitations, notably their high cost and
the challenge of managing sludge disposal following waste-
water treatment. Among the above-mentioned methods,
adsorption stands out because of its numerous advantages in
wastewater treatment, including its high removal efficiency,
cost-effectiveness with its reuse, ease of use, and wide array of
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available adsorbents. Thus, the primary goal of recent research
has been to innovate and create novel adsorbents for effectively
remediating contaminated water.

Among the various adsorbent options,***" microgels (three-
dimensional crosslinked network of organic polymers) are
highly favored because of their responsive nature and custom-
izable properties.”*** The ease of preparation,” substantial
adsorption capacity,®® long-term stability,” impressive
mechanical resilience,”® and reusability® of microgels make
them exceptionally effective for the removal of pollutants from
wastewater. Additionally, microgels offer the versatility of
incorporating different functional groups into their network,
such as sulphonic,* amide,* carbonyl,®* hydroxyl,* carbox-
ylic,** and amine* groups, thereby functioning as chelating
agents to extract pollutants from aqueous solutions. These
functional groups also impart pH and ionic strength sensitivity
to the microgel. The most commonly employed comonomers
for polymerizing microgel adsorbents to induce multi-
sensitivity and chelating properties are acrylic acid,*® ethyl-
eneimine, acrylamide,* 2-acrylamido-2-methylpropane sulfonic
acid,* and vinyl imidazole.?” Acrylic acid (AAc) has a pK, value of
4.25, which means that when the pH exceeds its pK,, poly(N-
isopropylacrylamide-AAc) P(NIPr-AAc) copolymer microgels
swell due to the deprotonation of the carboxylic acid groups of
AAc, as reported by Picard et al*® The substantial negative
charge present within microgels renders them highly effective
as adsorbents for extracting heavy metal ions**** as well as
various dyes®™*® from aqueous solutions. Additionally, posi-
tively charged microgels can be employed as efficient
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adsorbents for capturing negatively charged pollutants.>*>*
Hence, the adsorption capacity of P(NIPr)-based microgels can
be enhanced with introduction of diverse functional groups in
their structure®®” from aqueous solution. Moreover, the
pollutant uptake capacity of microgels can be adjusted by
altering the pH®® and temperature®” of the medium due to their
sensitivity to pH, temperature, and their volume phase transi-
tion characteristics. A review on the adsorption of pollutants by
microgels was reported in 2018 by Naseem et al.,*® but since
then, numerous studies been reported on adsorption by
microgels. According to Scopus data, 2471 articles have been
reported on microgels from 2018 to date. Among these articles,
208 are related to the adsorption of pollutants by microgels.
These articles provided different information related to the
removal of pollutants by microgels.

Maintaining control of the polydispersity of microgel parti-
cles and the dimensions and shapes of microgels, attracting the
pollutants from wastewater through the polymeric network,
increasing the adsorption capacity of microgels, addressing the
aggregation of microgels under different solvents or during the
adsorption of pollutants, and releasing the adsorbed pollutant
to enable the reuse of microgels have all presented persistent
challenges in this field. Thus, over the past a few years, signif-
icant efforts have been dedicated to achieving microgels with
high mono-dispersity, precise control of their shape and size,
outstanding stability, and efficient recoverability. In this case,
a review is required to provide all the latest information to
researchers. To the best of our knowledge, there are no
comprehensive reviews summarizing the advancements in the
adsorptive property of microgels over the past few years.

2. Adsorptive pollutant removal by
microgels (adsorbents)

According to Scopus data, 124 491 articles have been published
on environmental pollutants from 2018 to present. This quan-
tity indicates that the amount of pollutants in the environment
is rapidly increasing, which can be divided into various types of
pollutants and removed from the environment by microgels
through the adsorption process.

The global concern over organic dye and heavy metal cation
contamination in the aquatic environment has arisen due to the
introduction of a significant volume of these pollutants from
various sources. This type of pollution from the release of water
containing dyes and heavy metals is attributed to the rapid
industrialization such as leather tanning, textiles,*® battery
manufacturing,” electroplating,”” and food additives.” The
commonly found heavy metals in wastewater include arsenic
(As), copper (Cu), cadmium (Cd), lead (Pb), mercury (Hg), nickel
(Ni), zinc (Zn), manganese (Mn), chromium (Cr), and cobalt
(Co), which are present in different oxidation states. Dye-** and
heavy metal®-contaminated water poses a significant threat to
the well-being of living organisms. Toxic heavy metals such as
arsenic (As) enter water sources through various means. Arsenic
is particularly problematic given that it is a persistent pollutant
in both underground and drinking water and known for its
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highly carcinogenic properties.®® The contamination of water
with arsenic is primarily attributed to biological activities and
geochemical reactions, and its presence in the Earth's crust
further contributes to its occurrence in water. The World Health
Organization has established the maximum allowable concen-
tration of arsenic in drinking water at 10 pg L™’ Prolonged
exposure to arsenic can lead to health issues including skin
cancer, anorexia, anemia, and various malignancies in humans.
Also, although copper (Cu) is an essential element for human
health,®® excessive levels of copper in the body can result in
poisoning and severe symptoms such as diarrhea, vomiting,
and abdominal pain. Copper (Cu) accumulation in the human
body can also lead to damage in the kidneys and liver, poten-
tially resulting in gastrointestinal ulcers, shock, and even
fatality. Lead (Pb) in water can pose severe health risks, partic-
ularly affecting pregnant women and children.® Similar to
copper, lead can harm the kidneys and liver and cause muscular
paralysis, growing issues, and in extreme cases, death in
humans. Regarding dyes, it is noteworthy that only 30% of dyes
used in the textile industry is classified as reactive, while the
remaining 70% finds its way into the environment through
textile and industrial wastewater. Dyes containing anthraqui-
none, oxazine, and azo functional groups are particularly reac-
tive and contribute to environmental contamination.” The
complicated aromatic molecular structure of synthetic dyes
results in their significant structural diversity, making them
highly toxic. In many developing nations, the presence of azo
dyes in wastewater has emerged as a significant issue.” Organic
dyes possess mutagenic, poisonous, and carcinogenic proper-
ties. Due to their elevated toxicity and accompanying risks,
heavy metals and dyes present a significant danger to both the
well-being of humans and the aquatic environment. The effec-
tive extraction of toxic dyes’> and heavy metals** from water can
be achieved through the use of microgel suspensions as
adsorbents, which showed remarkable efficiency in pollutant
removal. Some of the most frequently removed dyes from
aqueous solutions using microgel adsorbents include
rhodamine-B (RB),”” methylene blue (MBIl),” Eosin Y (EY),”
Congo red (CRe),”” malachite green (MGr),”® and methyl orange
(MOr).”” Arif et al.”® employed hydrogels composed of poly(-
styrene)@poly(N-isopropylmethacrylamide)  P(St)@P(NIPMe)
microgel system as an adsorbent for the extraction of Cu®" ions
from aqueous solutions. They also converted the loaded cop-
per(n) ions into copper nanoparticles, and then used the
synthesized system as a catalyst for the reduction of different
pollutants from water. Xu et al”’ utilized poly(N-
isopropylacrylamide-vinyl imidazole) P(NIPr-VIDa) microgels as
an adsorbent for removing Cu®>" ions from aqueous environ-
ments. They also examined the effect of temperature on the
adsorption capacity of the microgels. Meanwhile, Isikver et al.*
developed a microgel system that had both acid and basic
groups in its structure and these groups enhanced the adsorp-
tion capacity. By replacing each reactive site with two amidox-
ime functional groups, the carboxylic groups, in anionic form,
attract the cationic pollutants and the amino groups of micro-
gels, in cationic form, attract the anionic pollutants due to
opposite charge interactions. These types of microgels are the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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best materials for adsorption due to their ability to remove all
types of pollutants (cationic, neutral, and anionic pollutants).
These types of microgels form hydrogen bonding or ion-diploe
interactions with pollutants. These types of interactions are the
strongest among the interactions. Naseem et al® utilized
P(NIPMe-AAc) microgels as an adsorbent for both cationic and
anionic dyes from water. At high pH and low temperature, the
microgels adsorbed a greater amount of cationic dyes compared
to anionic dyes due to their carboxylate ions. Alternatively, at
high temperature, the microgel adsorbed more of CRe due to its
dominant hydrophobic nature.

Carbon dioxide is also present in the environment. In this
molecule, the carbon atom is bonded with two oxygen atoms by
double bonds. The electronegativity of oxygen atoms is greater
than carbon. Therefore, the carbon atom of CO, can get elec-
tronic cloud from another electron-donating species according
to the Lewis acid-base theory. The carbon dioxide molecules act
as an acid and the adsorbent species as a base. Species with
greater electron-donating capacity than oxygen are responsive
to their type of phenomenon. Molecules that have nitrogen or
oxygen (in neutral or anionic form) in their structure are more
suitable for this purpose. Therefore, these types of adsorbents
that have nitrogen atoms in their structure are applied for the
adsorption of CO, gas. For example, Yao et al.** reported the
synthesis of microgels with both nitrogen and oxygen atoms in
their structure, which were used for the adsorption of CO,. A
large amount of CO, gas was adsorbed on the surface of the
microgels due to their high porosity and presence of both
nitrogen and oxygen atoms as electron-pair donor sites in the
structure of the microgels. Similarly, Avais and coworkers®
synthesized a nitrogen atom-containing microgel system and
used it for CO, adsorption. They also used this system for the
adsorption of other pollutants such as MOr, MBI, nitrogen,
methane, and iodine. The adsorption of CO, increases with an
increase in the porosity of microgels, as reported by Ghani
et al.** The porosity of microgels can be increased or decreased
by the addition of fly ash (SiO,, Al,03, Fe,03, CaO, MgO, C, K,O,
SO; and others). Therefore, CO, adsorption can also be
controlled by the introduction of fly ash. Qiu et al.* synthesized
a microgel and used it for adsorption of CO, in the presence and
absence of insect-inspired coordination. Microgels are the most
suitable adsorbents for the adsorption of CO, together with
other pollutants due to their high porosity and presence of
electron-pair donor sites in their structures.

Some other pollutants such as uranium,®* phosphate,*”
dichromate, arsenate,*” and permanganate® ions, as well as
various aromatic compounds such as bisphenols (bisphenol F
(BPF), bisphenol E (BPE), bisphenol B (BPB) and bisphenol A
(BPA)),* anthocyanins,” naphthalene and 1-naphthylamine,*
and surfactants® can be effectively eliminated from aqueous
solutions using different types of microgel adsorbents.
Hydrogen,” methane,* and iodine® can also be separated by
microgels through adsorption. Phenols and their related
compounds are widely recognized as environmental pollutants,
originating from their application in the manufacturing of
diverse substances such as preservatives, bactericides, pesti-

cides, and pharmaceuticals.”®> Refineries and various
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petrochemical processes generate substantial wastewater con-
taining phenolic pollutants, which pose a significant carcino-
genic risk to humans. Uranium, which is known for its extreme
toxicity, radioactivity, and carcinogenic properties, can lead to
numerous health problems in humans.”® Phosphate ions are
used as fertilizers, but these ions are highly toxic.”” They are
extensively used in agriculture and can be fatal when ingested at
elevated quantities, whether accidently or intentionally. Avais
et al.®® synthesized a poly(diamine) P(DAm)-based microgel and
applied it as an adsorbent to extract various pollutants from the
environment. Kubiak et al.® synthesized a microgel system and
used it for the adsorption of bisphenol in a mixture of two
different solvents (water and methanol). The extraction of
bisphenol increased with an increase in the percentage of
methanol. As the percentage of methanol increased, the
swelling of the microgel increased. Therefore, greater adsorp-
tion occurred with an increase in the percentage of methanol.

3. Synthesis of microgels (adsorbents)

Microgels employed as adsorbents can be produced using the
following techniques.

3.1. By irradiation

Microgels can be synthesized through irradiation by combining
various monomers and comonomers in the absence® of
a crosslinker followed by exposure to radiation for a specific
duration. This process triggers polymerization, leading to the
formation of microgels. Irradiation induces crosslinking in the
structure of polymers to form microgels. The irradiation
approach is favored over certain chemical methods for microgel
preparation. Particular hydrogels and microgels are chosen due
to concerns regarding the toxicity of chemical crosslinking
agents, which can react with the functional groups on microgel
particles, potentially reducing their quantity and subsequently
diminishing their adsorption capability for various pollutants.
Consequently, the irradiation process yields a product with high
purity. In the work conducted by Matusiak et al.,* poly(acrylic
acid) P(AAc) microgels with varying linear poly(acrylic acid)
contents were crafted using the irradiation method, as shown in
Fig. 1, with an electron beam serving as the source of irradia-
tion. To synthesize the microgel, a predetermined quantity of
AAc was used to prepare linear P(AAc) by heating their aqueous
solution at 50 °C for 12 h. Then, different concentrated
(10.0 mmol dm™*-25 mmol dm™>) solutions of linear P(AAc)
were prepared and irradiated at pH 2.0 to form microgels. The
radiation converted the linear polymer systems into crosslinked
polymer through radical polymerization method. Irradiation
triggered both crosslinking and degradation reactions simul-
taneously, leading to the creation of microgel particles. The
radiation parameters used during synthesis are as follows:
electron energy = 6 MeV, pulse frequency = 0.5 Hz, pulse
duration = 2 ps, and ionizing radiation absorbed dose per
single pulse = 0.9 kGy. A higher concentration of polymers also
increased the crosslinking density of the microgels due to the
longer distance of coils and lower number of radicals per chain.
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Gamma rays

HCI0,

Linear poly(acrylic acid)

Poly(acrylic acid) microgel

Fig. 1 Schematic diagram showing the synthesis of poly(acrylic acid) P(AAc) microgels from linear pol(acrylic acid) P(AAc) using the irradiation

method.*®

Consequently, a higher degree of microgel formation was ach-
ieved at a higher concentration of linear polymer. Cruz et al.**
also synthesized microgels based on irradiation. Chitosan-
based microgels were synthesized first, which were then
mixed with N-vinyl caprolactam (NVCa) in acetic acid and
radiated using a ®°Co gamma source. The resulting microgels
were extracted with acetic acid to remove the monomers, and
then water to remove acetic acid for purification.

3.2. By emulsion polymerization

Microgels can also be fabricated through the process of emul-
sion polymerization, which is the most commonly employed
technique by researchers for producing microgel particles. In
this approach, a mixture containing monomers, crosslinkers,
surfactants, comonomers, and initiators is combined in
deionized water. This mixture is continuously stirred, purged
with nitrogen, and heated at temperatures equal to or greater
than 70 °C for a duration of 4 h. After synthesis, the microgels
are subjected to dialysis to eliminate any wunreacted
components.

Rahman et al” also synthesized poly(methacrylic acid)
P(MAAc) microgels using methacrylic acid (monomer) and N,N'-
methylenebisacrylamide (MBAc) (crosslinker). Span 80 and
cyclohexane were poured into a round-bottom flask and heated
at 40 °C with continuous stirring. After 15 min, methacrylic acid
(MAAc) (monomer), MBAc (crosslinker), ammonium persulfate
(APSu) (free radical initiator), and N,N,N',N'-tetramethylethyle-
nediamine (accelerator) were put into the reaction flask and the
reaction continued for 4 h under nitrogen and the same
temperature (40 °C). The product was filtered and washed with
acetone and water, and then neutralized with NaOH (1 mM)
solution. The synthesized microgel was used as an adsorbent
for malachite green and methylene blue. These microgels
possessed a high adsorption capacity due to the opposite
charges on the adsorbate (cationic dye) and adsorbent (anionic
microgel) at pH 5.5. In the study conducted by Shahid et al.,'**
poly(N-isopropylacrylamide-acrylamide-methacrylic acid)

9448 | RSC Adv,, 2024, 14, 9445-9471

P(NIPr-AAm-MAAc) copolymer microgels were manufactured
using the emulsion polymerization method, and subsequently
these particles were utilized as an adsorbent for the removal of
Co*" ions from an aqueous solution. Then, the loaded Co** ions
were reduced into cobalt nanoparticles by an in situ reduction
method, as shown in Fig. 2. NIPr (monomer), AAm and MAAc
(comonomers), MBAc (crosslinker), and sodium dodecyl sulfate
(SDSu) (surfactant) were mixed and added to a round-bottom
flask containing water and stirred under nitrogen. The
temperature of reaction increased up to 70 °C and 5 mL of
ammonium per sulphate (radical initiator) was poured drop-
wise under nitrogen. The reaction proceeded for a further 4 h to
complete polymerization. The appearance of a milky color
indicated the formation of microgels. Then, the product was
dialyzed to remove the unreacted moieties. During this process,
SDSu was used to control the size of the particles. Subsequently,
the synthesized microgels were used to adsorb Co>" ions from
aqueous medium under different conditions for optimization of
the process. The adsorbed Co*" ions were reduced to generate
Co nanoparticles, and then used for catalytic purposes.
Numerous other scientists have successfully generated a range
of microgel suspensions with specific attributes using this
approach, as demonstrated by previous studies.

3.2.1. Seed-mediated emulsion polymerization. Core-shell
microgels (microgels in which one material is encapsulated in
crosslinked organic polymer) can also be produced through
a two-step seed-mediated emulsion polymerization technique.
This approach involves first preparing polymer seeds of one
type, which are subsequently utilized as the central core for the
encapsulation of another type of polymer shell around them. In
one of our studies,'* a core-shell microgel with a polystyrene
P(St) core and a temperature-responsive  poly(N-iso-
propylmethacrylamide) P(NIPMe) shell was prepared using the
seed-mediated emulsion polymerization method, as shown in
Fig. 3. Initially, a Pt core was synthesized by employing styrene
(St) as the monomer, NIPMe as the polarity inducer, sodium
dodecyl sulfate (SDSu) as the surfactant and APSu as the free

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(1) pH>pKa

2) Co(NO;),

Co-P(NIPr-AAm-MAACc)
hybrid microgels

Fig. 2 Schematic showing the synthesis of cobalt nanoparticle-loaded P(NIPr-AAm-MAAc) hybrid microgels.***

radical initiator. This core formation process took place at 80 °©
C, with continuous nitrogen supply and stirring, and nucleation
was accomplished within 7 h. In the subsequent stage, the
P(NIPMe) shell was produced around the P(St) core using the
conventional emulsion polymerization technique. Naseem
et al'® similarly fabricated core-shell microgel particles
composed of a P(St) core and P(NIPMe-AAc) shell using this
approach. These core-shell microgels were also effectively
employed as adsorbents for eliminating contaminants from
aqueous solutions.

4. Classifications

Incorporating different polymeric/nonpolymeric materials in
the structure of microgels enhances both their adsorptive

S

NIPMe
==
\
(0
CH,(CH,);;0SO;Na P(St)
e
St

NS

NIPMe I

[NH 1,[S:05] O
N /\N

H H
MBAc¢

characteristics and regenerative capacity after the adsorption of
pollutants. These adsorbents can be categorized based on the
morphology of various polymeric/nonpolymeric materials along
the structure of the microgels, as shown in Fig. 4.

4.1. Simple microgels

Simple microgels consist only of monomer with'** or without'*
commoners. The addition of comonomers helps to enhance
their adsorption capacity or induce stimulus-responsive
behavior, which supports the selective and greater adsorptive
property of microgels. For example, Ghasemi et al.'*® synthe-
sized a P(NIPr)-based microgel and used it for the adsorption of
copper(u) ions from water. The synthesized microgels adsorb
copper(u) ions due to the presence of polar amide groups in
their structure. Due to this polar structure, microgels can

2

P(St)@P(INIPMe) microgel

Fig. 3 Schematic showing the synthesis of P(St)-encapsulated P(NIPMe) microgels.1°2
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Fig. 4 Morphologies of (colors: red and green color = organic polymer material, blue = inorganic materials or metal ions) (a) simple microgels,
(b) FesOg4-crosslinked organic polymer microgels, (c) homogenous inorganic—organic microgel composites, (d) inorganic core encapsulated
with organic polymer shell, (e) organic core encapsulated with organic shell, (f) inorganic core encapsulated with organic shell, (g) organic core
encapsulated with inorganic shell, and (h) organic core encapsulated with linear organic polymer shell.

adsorb both cationic and anionic pollutants. Selectivity in
microgels can be induced by adding comonomers during the
synthesis. These comonomers are pH sensitive and convert the
structure of microgels in anionic or cationic form by varying the
pH of the medium. This induction produces selectivity for the
adsorption of pollutants together with swelling/de-swelling
behavior as well as electrostatic interactions. Cationic micro-
gels repel cationic pollutants due to their same charges,
whereas they attract anionic pollutants. Alternatively, anionic
microgels repel anionic pollutants and attract cationic pollut-
ants. For example, Pany et al.** used acrylic acid as a como-
nomer together with NIPr monomer to synthesize a microgel
system. This microgel system was converted into pH-responsive
systems due to the introduction of comonomer (AAc). At pH =
pK, of AAc, the microgel was present in anionic form. Thus, the
microgel adsorbed the maximum number of cationic pollutants
due to its anionic structure and swelling state. Yang et al.*” re-
ported the adsorption capacity of a cationic microgel system.
Kyrey et al.* and Naseem et al.** also reported the preparation
of microgels with and without comonomers, respectively, and
their use as adsorbents for the removal of toxic pollutants.
Simple microgels are widely reported in the literature due to
their easy synthetic approach. The regeneration of these
microgels after the adsorption of pollutants requires ultra-fast
centrifugation due to their low density. Therefore, some
amount of adsorbed pollutant comes out from the crosslinked
network system, which is the only drawback of these systems.

4.2. Core-shell microgels

In core-shell microgels, two types of regions are present in their
morphology, where one is the core and other is the shell. The

9450 | RSC Adv, 2024, 14, 9445-9471

core can be made with organic or inorganic materials, and
similarly the shell regions can also be made up of organic or
inorganic materials. Due to the material present in the core and
shell region of microgels, these systems can be further divided
into different classes.

4.2.1. Inorganic core encapsulated with organic polymer
shell. In inorganic core encapsulated with organic polymer shell
systems, their core region is made up of inorganic materials
(SiO,, Fe,03 or Fe;O,) and their shell region with organic
crosslinked polymers. They are very effective with respect to
adsorptive properties. The density of these core-shell microgels
are greater than simple microgels. Therefore, these types of
microgels can easily be recycled by simple centrifugation. If the
core region of core-shell systems is made with Fe;O,4, which is
paramagnetic in nature, they can be very easily recycled by
applying an external magnetic field. However, a drawback of
these systems is their decreased stimulus-responsive behavior,
as reported in my pervious review article'”® and deformation in
the shape of the microgels.*® Al-Hussaini et al.**® reported the
preparation of an Fe,Oj; core encapsulated with organic polymer
with a nearly spherical-like shape. Wi et al.'** also reported the
synthesis of a core-shell microgel system, in which Fe-amino-
clay-Fe, O3 was the core and poly(vinyl alcohol) P(VAI) was the
shell. The synthesized core-shell microgel showed selective
adsorption for anionic dyes due its cationic structure at low pH
value. At low pH, the microgel structure is present in the swollen
state due to the electrostatic repulsion by the same charges. The
adsorption capacity of the microgel increased due to the
opposite charges on both the adsorbent and adsorbent. This
type of system is very important due to its selective adsorption
and easily reusable properties.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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This class of microgels is very important for adsorption,
which is due to their easily recyclable property and minimum
release of adsorbed pollutants from the crosslinked network of
the microgels during recycling.

4.2.2. Organic core encapsulated with organic polymer
shell. In organic core encapsulated with organic polymer shell
systems, their core is made up of an organic material, and their
shell region also made up of organic polymers. The density of
these core-shell systems is greater than homogenous microgels
but less than core-shell systems in which an inorganic core is
encapsulated be an organic polymer. Therefore, their recycling
after adsorption is intermediate between the previously dis-
cussed systems. Me and my coworkers'** reported the synthesis
of a P(St) core encapsulated with P(NIPMe) shell to form core-
shell microgels. The synthesized system was used for the
adsorption of copper(n) ions. The adsorption capacity of this
system was 71.94 mg ¢, which was very low. Alternatively, the
adsorption capacity of this system increased with the addition
of ionizable comonomers such as acrylic acid, methacrylic acid,
and amine derivatives. For example, Naseem et al.'"* synthe-
sized the same system together with a new comonomer (AAc).
The adsorption capacity of the newly synthesized systems
reached 434.8, 555.6, 476.2, and 526.3 mg g ' for Cr(m) Pb(u),
Cd(u), and Cu(u) ions, respectively. He et al.*® also reported the
preparation of core-shell microgel systems, in which both the
core and shell region were made with organic polymers and the
synthesized systems used for the adsorption of uranium ions
from aqueous medium.

However, the release of the adsorbed material from the
crosslinked network of the microgels and requirement of
ultrafast centrifugation for their recycling are the main issues of
these systems. These issues can be addressed by designing
systems in which the adsorption of pollutants is done in the
core region and the shell region controls the adsorbed material
through adsorption process, which has not been reported to
date.

4.2.3. Inorganic core encapsulated with metal ion con-
taining organic shell. Inorganic core encapsulated with metal
ion containing organic shell systems are rarely reported in the
literature. In these systems, the core is made with inorganic
materials and the shell with organic and metal ions. The
adsorption capacity of these systems is very low due to the
occupation of some space by already present cations. The
electrostatic repulsion between the loaded cations and cationic
adsorbents is also another reason for their low adsorption
capacity. In this case, the adsorption capacity of these systems
can be enhanced by removing the loaded cations from their
shell regions, resulting in porosity in the system. This porosity
increases the adsorption capacity of the systems. Zhao et al.**®
reported the synthesis of a core-shell system, in which the core
consisted of Fe;O, and shell chitosan-poly(acrylamide) CSa-
P(AAm) together with Ca®>" ions. The adsorption quantity of
cr**, ¢d*, Pd*, and Cu*" ions from water by the synthesized
systems was 4.64, 8.20, 18.56, and 37.84 mg g~ ', respectively.
This adsorption capacity could be increased by removing the
already loaded Ca®" ions by treating them with dilute HCIl
solution. After removing the Ca®* ions from the shell region, the
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adsorption capacity of the system increased rapidly due to the
creation of empty space.

Limited research is available on this type of system. These
systems are new and more suitable for the maximum removal of
pollutants. Their adsorption capacity can further be enhanced
by using comonomers together with monomers. Thus, readers
can work on these systems for the adsorption of pollutants.

4.2.4. Organic polymer microgel encapsulated inorganic
shell. In organic polymer microgel encapsulated inorganic shell
systems, the core is made with organic crosslinked polymer and
shell with inorganic materials. These types of core-shell
microgels are frequently reported but rarely used for adsorption
purposes. The silica region is not suitable for adsorption due to
its nonpolar nature. Therefore, these systems are not used for
adsorption. In this case, to make these systems suitable for
adsorption, some polarity is induced by adding some polar
materials on the surface of silica during synthesis. The polar
materials make the systems suitable for adsorption. The other
disadvantage of these systems is the reduction in the stimulus-
responsive behavior of the microgel core due to the silica
shell.”** Therefore, the stimulus-responsive behavior of the
microgel core does not increase the adsorption capacity of these
core-shell systems. The stimulus-responsive behavior of the
microgel core depends on the thickness of the silica shell
region. If the thickness of the silica shell region is very high,
then the responsive behavior of the microgels highly decreases.
Alternatively, if the thickness of silica is very low, then the
responsiveness decreases slightly from normal behavior."** Yao
et al.** synthesized this type of core-shell microgel system. The
surface of the silica shell region of the synthesized core-shell
system was decorated with poly(etheramine) P(EAm) and used
for the adsorption of CO,. The synthesized system showed
excellent adsorption capacity due to the linear polymer struc-
ture of P(EAm) on the surface of silica. This linear polymer
structure provided more space for the storage of CO,.

Core-shell microgel systems without any modification of the
surface of silica shell are not very suitable for adsorption but
their adsorption capacity can be enhanced by modification of
the surface of the silica shell region. But the adsorbed pollutant
can detach during centrifugation process which is used for
recycling of adsorbent. Very limited research work is available
on adsorption of pollutants by such systems. More research can
be done on adsorption of such systems in the near future.

4.2.5. Organic polymeric core encapsulated with linear
organic polymer shell. In organic polymeric core encapsulated
with linear organic polymer shell systems, their core is made up
of a crosslinked organic polymer and shell with a linear organic
polymer. These systems are very important with respect to
adsorption. The adsorption capacity of these systems is very
high due to their large empty space, stimuli-responsive behavior
(swelling/deswelling behavior), and electrostatic interactions.
The adsorption capacity of these systems also depends on the
concentration of their linear polymer shell. If a greater content
of linear polymer material is used during their synthesis, then
more active sites are available for the adsorption of pollutants
and the efficiency of core-shell microgels reach the maximum
level. Alternatively, if the concentration of linear polymer is low,
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then a low amount of pollutant is adsorbed due to the less
chance of available space. For example, Chuang et al.**® re-
ported the synthesis of this type of core-shell system with
a varying ratio of NIPr core and N-4-amino-2-methylene-4-
oxobutanoic acid (NAMOBu) shell materials. They used the
synthesized core-shell microgels for the adsorption of Cu®**
ions, where 80% removal of Cu®** ions was achieved when the
core : shell ratio is 9: 1 and 85% when this ratio was 7 : 3. When
the concentration of linear materials increased, then more
active sites are available for adsorption of Cu®** ions. Therefore,
more Cu®" ions are adsorbed on these core-shell systems.

These core-shell microgel systems are also rarely reported
for the adsorption of pollutants. More work on these types of
core-shell microgel systems can be possible in the near future
due to their high efficiency for the adsorption of pollutants. The
usage of ultra-fast centrifugation and leaching of adsorbed
pollutants during recycling are the only issues associated with
these systems, which can be resolved by increasing the density
of core-shell microgels in different ways and need to be studied
in the near future.

4.3. Homogenous inorganic-organic microgel composite

In homogenous inorganic-organic composite systems, the
inorganic material (SiO,, Fe,O3 or Fe;0,) is uniformly distrib-
uted in the crosslinked network of organic polymers. The
inorganic materials are from SiO,, Fe,O; or Fe;0,, which is used
to synthesize these types of systems. The adsorption capacity of
these systems is very low compared to simple and core-shell
microgels due to the lower availability of space for the adsor-
bate. In these systems, some space is occupied with inorganic
materials. Therefore, a very small amount of adsorbate is
adsorbed in these classes. Mlih et al.'"” synthesized an Fe,O;3-
decorated poly(acrylic acid-maleic acid) P(AAc-MAc) microgel
composite. The synthesized system was used for the adsorption
of copper(u) ions and lead(u) ions from water. The adsorption
capacity of the synthesized systems increased with an increase
in the pH of the medium due to the conversion of -COOH
groups into -COO™ ions. Due to swelling and more electrostatic
interactions between the metal ions and carboxylate ions, more
metal ions enter the sieves of the crosslinked network. Under
normal or acidic conditions, a very small amount of metal
cations can enter the sieves. Therefore, the adsorption is very
low under these conditions.

Due to their low adsorption capacity, very little research work
has been reported on these systems. The adsorption capacity of
these systems can be increased by introducing linear polymers
on the surface of inorganic-organic microgel composites. The
linear polymer chain also adsorbs metal cations together with
the surface of the composite. Therefore, the adsorption capacity
increases from simple composite materials. Yao et al.®> reported
similar trends in the adsorption pattern of composite and
composite systems with linear polymer on their surface.

4.4. Fez04-crosslinked organic polymer microgels

In Fe;0,-crosslinked organic polymer microgel systems, the
organic monomer with or without comonomer is crosslinked
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with Fe;0, (inorganic material). This type of microgel is rarely
reported in the literature. The control of their size is the main
issue associated with these systems because large-sized systems
are formed during their synthesis. Therefore, the surface area of
these types of microgels is very small. Therefore, the adsorption
capacity of these systems is very low compared to the previously
discussed classes. Jiang et al.**® reported the preparation of this
type of system and used it for the adsorption of lead(u) ions.
However, due to its low porosity and low surface area, the
microgel adsorbed a small amount of lead(n) ions. The synthe-
sized system was pH dependent due to the presence of -COOH
groups in its structure. Therefore, the adsorption capacity of this
system was increased by adjusting the pH of the medium. Also,
its easy recycling property is the main advantage of this system,
which was simply recycled by applying a magnetic field, and then
used again for the adsorption process.

5. Stimulus-responsive behavior of
microgels

Microgels show swelling and deswelling behavior under various
conditions. These conditions are explained below.

5.1. Temperature effect

Microgel particles possess a structure resembling that of
a sponge, where their interstitial spaces are occupied by water
molecules. These polymeric particles exhibit sensitivity to vari-
ations in temperature, as discussed in the studies by Arif et al.**®
and Arif."?****

The temperature sensitivity of microgels arises from the
interplay between the hydrophilic/hydrophobic interactions
within the microgel network and that with the surrounding
medium. Generally, hydrophilic interactions dominate over
hydrophobic interactions at low temperature, while hydro-
phobic interactions dominate hydrophilic interactions at high
temperature. The temperature after the rapid change in the
hydrodynamic diameter of microgels is called the volume phase
transition temperature (VPTT), which is fixed for pure microgels
(only single monomer-containing microgels). For example, the
VPTT value of N-isopropylacrylamide-based microgels is 32 °C.
However, this value can be increased by adding a hydrophilic
group-containing comonomer during the synthesis of micro-
gels. Due to the increase in the content of hydrophilic-
containing comonomers, the interactions of microgels with
water molecules also increase. Therefore, the value of VPTT
increases with an increase in the content of commoners. For
example, Zhang et al.'** synthesized NIPr-based microgels and
studied the effect of the temperature of the hydrodynamic
diameter (D;) of the synthesized microgels. They obtained
a VPTT of 32 °C for the synthesized microgels. To increase this
value, Yang et al.*” synthesized a microgel system, in which 1-
vinyl imidazole (VIDa) was used as the comonomer together
with NIPr monomer. After the addition of this comonomer, the
VPTT value of the microgels shifted from 32 °C to 37.5 °C, which
is equal to the human body temperature. Secondly, the
prepared microgel system is the best source for drug delivery in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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human beings due to its VPTT of 37.5 °C (almost equal to the
human body temperature). The effect of the temperature on the
swelling and deswelling behavior of microgels can be divided
into two types, as presented below.

5.1.1. Negative temperature effect. In this temperature
effect, the relationship between the hydrodynamic diameter of
microgels and temperature is inverse. The hydrodynamic diam-
eter of microgels decreases with an increase in the temperature,
while it increases with a decrease in temperature. This type of
temperature effect on the hydrodynamic diameter of microgels is
called the negative temperature effect. Strong interactions are
present between the structure of microgels and water molecules
at low temperature. This interaction decreases with an increase in
the temperature of the medium and the hydrophobic interaction
increases gradually with temperature. Therefore, the water
molecules are released from the network of microgels. Conse-
quently, the hydrodynamic diameter of microgels decreases with
an increase in temperature. For example, Picard et al®® synthe-
sized NIPr-based microgels (with or without acrylic acid). They
obtained the Dy, value of 630 nm (without acrylic acid) and
1070 nm (with acrylic acid) at 25 °C. Alternatively, the Dy, values
decreased to 290 nm (without acrylic acid) and 340 nm at 50 °C
and pH 6, respectively. The Dy, of acrylic acid-containing microgels
is higher than that without acrylic acid due to the more hydro-
philic character in the former than the latter case. Kureha et al.'*®
also synthesized P(NIPr-AAc) microgels and studied the effect of
temperature on their swelling and deswelling behavior. The
hydrodynamic diameter of the microgel was found to be 1230 nm
at 20 °C and 775 nm at 50 °C and pH 5, respectively.

5.1.2. Positive temperature effect. In this effect, the value of
the hydrodynamic diameter of hybrid microgels increases with
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hydrophobic interactions increase with an increase in temper-
ature. Therefore, the microgel particles start to coagulate to
form large-sized microgels, resulting in an increase in the
hydrodynamic diameter of the microgel. The increasing
hydrodynamic diameter behavior of microgels with an increase
in temperature is called the positive temperature effect.
Initially, the hydrodynamic diameter of microgels decreases
with an increase in temperature due to the increase in hydro-
philic interactions. However, in some microgels, the hydrody-
namic diameter starts to increase again due to coagulation. This
coagulation occurs due to the intermolecular hydrogen bonding
between the particles of microgels. The temperature at which
the microgel particles start to coagulate to form large-sized
microgels is called the upper critical solution temperature
(UCST). For example, Pany et al** synthesized P(NIPr-AAc)
microgels and studied their temperature effect. The hydrody-
namic diameter of the microgels decreased with an increase in
temperature initially (during conversion from a to b) due to the
increase in hydrophobic interactions, as shown in Fig. 5. The
hydrodynamic diameter started to increase due to the coagu-
lation of the microgels by hydrophobic interactions (during
conversion from b to c) after 35 °C in acidic medium (pH = 3)
and 37.5 °C in basic medium (pH = 7), respectively. Similar
trends were reported in P(NIPr) microgels by Backes et al.***

5.2. pH effect

The swelling and deswelling behavior of microgels at different
medium pH values is called the pH effect. Based on their acidic/
basic nature, microgels can be divided into two types, as given
below.

. . d hi diti h 5.2.1. Acidic microgels. Acidic microgels are those with the
an Increase In temperature. Under this condition, the capacity to donate the protons from their structure in basic
400jo—_
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Fig. 5 Temperature effect on the swelling/deswelling behavior of P(NIPr-AAc) microgels.3?
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medium. These microgels are acidic in nature because they
have -COOH or -SO3H groups in their structures. These acidic
groups donate their protons under the condition of pH = pK,
value of acidic moieties. Due to the donation of the protons
from the structure of acidic microgels, their acidic groups are
converted into anions. Electrostatic repulsion takes place due to
the presence of the same charges in the structure of the
microgels. Therefore, the size of the microgels increases due to
this electrostatic repulsion, as shown in Fig. 6. Atta et al.'*®
synthesized a poly(2-acrylamido-2-methyl propane sulfonic
acid-co-acrylamide) P(AAMPSu-AAm) microgel with -SO;H
groups in its structure. Due to the presence of these groups in
the structure of the synthesized microgel, it could easily donate
the protons from the -SO;H groups, resulting in the swelling
state. The Dy, value of the microgel was 895 nm at pH 4, 950 nm
at 7, and 1193 nm at pH 9. This increasing trend in hydrody-
namic diameter was due to the swelling behavior of the
synthesized microgel (due to electrostatic repulsion). Rahman
et al.”® also reported the synthesis of poly(methacrylic acid)
microgels with carboxylic groups present in their structures.
Due to the presence of these carboxylic groups in their struc-
tures, the microgels could donate the protons from their
structure, resulting in the formation of a swelling state. Similar
behavior was observed by Sun et al.***

These types of microgels are the best adsorbents for cationic
pollutants. Under basic condition, the microgels (adsorbents)
are converted into anionic form, and in this form, they have the
largest affinity towards cations. Therefore, the maximum
number of cationic pollutants can be adsorbed under this
condition. In contrast, these systems are the worst adsorbents
for anionic pollutants under these conditions due to their
electrostatic repulsion.

5.2.2. Basic microgels. Basic microgels have amino groups
in their structures. These amino groups have the capacity to
accept protons from the medium and convert their structures
into cationic form. These types of microgels, which accept
protons, are called basic microgels. Strong electrostatic repul-
sion takes place between the structures of the microgels, which
results in the swelling state. Simply, these microgels are present
in the swelling state in acidic medium and deswelling in basic
medium, as shown in Fig. 6. Bao et al.*® synthesized amino
group-containing poly(dimethylamino)ethylmethacrylate
P(DMAEMACc) microgels. The amino groups in these structures
are basic in nature and have affinity for protons. Therefore, the

pH > pKa

pH <pKa

Acidic microgels

Fig. 6 Effect of pH on both acidic and basic microgels.
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microgels accept the protons in acidic medium to form cationic
structures. In this form, electrostatic repulsion takes place and
the hydrodynamic diameter of the microgels increases. Alfei
et al*” also reported similar behavior of amino group-
containing microgels.

This type of microgels has a positive charge in acidic
medium and the most suitable adsorbent for anionic pollutants
under this condition due to the strong electrostatic interaction
between oppositely charged species. These microgels are in
a swelling state under this condition, which is another advan-
tage of this type of microgel. However, they are poor adsorbents
for cationic pollutants under these conditions due to electro-
static repulsion.

5.3. Ionic strength

The presence of ionic concentrations also affects the swelling
and deswelling behavior of microgels. The structure of micro-
gels contains polar moieties, which produce partial charges in
their structure. These polar moieties have affinities towards
cations and anions. Due to this interaction, the polar parts can
come close to each other by electrostatic attraction in oppositely
charged parts or move away from each other by electrostatic
repulsion in the same charged parts of microgels. Therefore, the
hydrodynamic diameter of microgels can be affected by intro-
ducing ionic species. Alternatively, charged microgels are
strongly affected by the addition of salts due to ion-ion inter-
actions. The oppositely charged ions attracted each other due to
ion-ion interactions and same-charged ions strongly repel each
other. In this way, the hydrodynamic diameter of microgels is
significantly affected by the addition of salts in the dispersion of
microgels. The interactions between the ionic species are
stronger than partial charge-containing species. Therefore, the
structure of charged microgels is greatly affected by the addition
of salt. Chen et al.’*® synthesized a core-shell microgel system
consisting of poly(acrylic acid) P(AAc) and polyethersulfone
P(ESFo). The mobility of the microgel decreased with an
increase in the concentration of NaCl. Na’ ions enter the
structure of the microgel due to the ion-dipole interaction at
a low pH value because the -COOH groups are present in
protonated form. However, at a high pH value (pH = pK, of
AAc), the -COOH groups of the microgels were present in the
deprotonated form. Electrostatic repulsion occurred in these
carboxylate ions. These carboxylates ions interact with the Na*
ions. Due to this interaction, the carboxylate ions come close to

(&

Basic microgels

pH <pKa

pH > pKa
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each other and the hydrodynamic diameter of the microgel
decreases. Consequently, the adsorption capacity of the
microgel decreased with an increase in salt content due to the
decrease in the mobility of the microgel. Truzzolillo et al.*** also
studied the effect of salt concentration on the swelling and
deswelling behavior of P(NIPr)-based microgels. Similar trends
in swelling behavior were observed.

The presence of ionic salts reduces the mobility and hydro-
dynamic diameter of microgels. Therefore, the presence of ionic
salts reduces the adsorption capacity of microgels. It also
reduces their thermo-responsive behavior due to their strong
interactions with metal cations.

6. Adsorption capacity-enhancing
factors of microgels

The inherent responsiveness of microgels makes them highly
effective adsorbents for the removal of pollutants from the
environment. A notable advantage of using microgels as
adsorbents is their capacity for regeneration and use in multiple
cycles.”” Compared to macrogels, microgels are the preferred
choice due to their smaller particle size, resulting in a larger
surface area.®” Because adsorption predominantly takes place
on surfaces, this extensive surface area facilitates the effective
capture of a significant quantity of contaminants during
adsorption and desorption processes involving heavy metals
and dyes when utilizing microgel adsorbents.

Previous studies have established that metal cations readily
form complexes with functional group-containing nitrogen and
oxygen in microgels.”** "> The metal cations are electron-
deficient species, and this deficiency of metal cations is ful-
filled by getting electrons from electron-donating sites of
microgels through coordinate covalent bonds. Similarly, other
pollutants such as organic dyes and anions can also be removed
by microgels. Polar parts are present in the structure of micro-
gels. These polar parts can interact with organic dyes and

¥ = MBI
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separate them from water through hydrogen bonding or ion-
dipole interactions. Anions can also be adsorbed on the surface
of microgels through ion-dipole interactions. The amount of
adsorbate on the surface of the adsorbent depends upon
various factors, and the details of these factors are presented
below.

6.1. Temperature

The temperature of the surrounding environment plays
a pivotal role in modulating the adsorption capacity of micro-
gels, primarily because of their thermo-responsive characteris-
tics, as discussed in Section 5.1. The hydrodynamic diameter
(Dy,) of thermo-responsive microgels are significantly affected by
avariation in temperature. Generally, the diameter of microgels
decreases with an increase in temperature due to their increase
in hydrophobicity. Therefore, the maximum adsorption of
pollutants can be achieved in the swelling state, whereas the
lowest at high temperature. Generally, high temperature is used
for removing the loaded pollutants from the sieves of microgels.
Pany et al® reported the synthesis and use of thermo-
responsive P(NIPr-AAc) microgels for the adsorption of MBI.
87% adsorption was observed at 20 °C and 63% at 50 °C due to
the deswelling behavior as shown in Fig. 7. Similarly, Kureha
et al." also used P(NIPr-AAc) microgels for the adsorption of
RG. 58 mg g~ * of RG was adsorbed by the synthesized microgels
at 20 °C, while 41 mg g~ at 40 °C due to the shifting of the
microgels from the swelling state to deswelling state.

Naseem et al.*** synthesized and used P(NIPMe-AAc) micro-
gels as adsorbents for the adsorption of copper and cobalt ions
from water and studied of the effect of temperature on their
adsorption properties. The adsorption decreased with an
increase in temperature from 15 °C to 50 °C. As the temperature
increased, the kinetic energy of the adsorbate molecules also
increased. Due to this increase in kinetic energy, the effect of
the interactions decreased. Consequently, a smaller number of
pollutants was absorbed on the surface of the adsorbate. This is

Fig.7 Effect of temperature on methylene blue dye loading/releasing from P(NIPr-AAc) microgels in the temperature from 20 °C to 40 °C at pH

3_32
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also another reason for the lower adsorption of pollutants on
the surface of microgels.

6.2. Mobility

Mobility is also an important factor affecting the adsorption of
pollutants. Mobility refers to the process of pollutants entering and
leaving the crosslinked polymeric network of microgels. Microgels
adsorb pollutants on their surface first, and then these pollutants
start to penetrate the crosslinked network, leaving empty space.
This empty space is further occupied by other pollutant molecules.
Consequently, the adsorption capacity of microgels is controlled by
this penetration of pollutants from their surface. Therefore, the
mobility of pollutants also affects their adsorption, which
decreases with the microgels converting from the swelling state to
deswelling state. In the swelling state, mobility occurs very easily
due to the large empty space in the microgels. Conversely, this
empty space decreases with the swelling state converting into the
deswelling state. In the deswelling state, the mobility of pollutants
decreases, and therefore the adsorption capacity of microgels also
decreases. The conversion of the swelling state to the deswelling
state or deswelling state to swelling state occurs by changing the
environment of the medium such as pH, ionic strength, content of
crosslinker, and temperature. Picard et al.*® investigated the effect
of temperature, content of crosslinker, ionic strength, and pH of
the medium on the mobility of microgels, as shown in Table 1. The
microgels are present in the swelling state at low temperatures, low
content of crosslinkers, low ionic strength, and low pH (for basic
microgels) or high pH (for acidic microgels), whereas in the
deswelling state under the reverse conditions. Therefore, the
adsorption capacity of microgels is high in the swelling state due to
the high mobility.

6.3. Porosity of microgels

The adsorption capacity of any adsorbent is mainly dependent
on the porosity of its surface. Similarly, the porosity of microgels
also affects their adsorption capacity. High porosity means more
pores are present on the surface of microgels, and therefore
more empty space is available for adsorption. Porosity means the
presence of holes in the surface of microgels, and the adsorbate
can occupy these holes. If the porosity is high, then more
adsorbate can enter these holes, while low amounts of adsorbate
enter the holes if the porosity is low. Polar functional groups are
also present in the structure for interaction with the adsorbate.
The pollutants enter the holes due to this interaction and
become trapped. Therefore, the adsorption capacity of microgel
systems can be enhanced by producing porosity in their surface.
For example, Ji** studied the adsorption capacity of non-porous
and porous-based microgels. Anthocyanin was used as the

Table 1 Variation in mobility by the addition of comonomer3®
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adsorbate in this study. They placed the porous and non-porous
microgels in solutions of anthocyanins separately and checked
their adsorption capacities. The porous microgel adsorbed 31%
of anthocyanin molecules, while that by the other adsorbent was
18% due to the greater empty space for the pollutants to occupy
in the former. This porosity could be changed by changing the
environment or by increasing the crosslinking. The porosity of
the system increased with an increase in the crosslinking
density. Therefore, the adsorption capacity of the microgel also
increased with an increase in its crosslinking density. Cai et al.**
synthesized crosslinked systems with various crosslinking
densities. The porosity of the systems was checked by the BET
technique. The porosity was low in the systems with a low
crosslinking density and high in that with a high crosslinking
density. The surface area of the pores increased from 637 m* g *
to 1068 m> g~ as the crosslinked density increased. They used
the synthesized porous microgels for the adsorption of naph-
thalene and 1-naphthylaine. The highly crosslinked systems
adsorbed more adsorbate due to their higher porosity than the
other crosslinked materials. The porosity of the microgels could
also be increased by converting their functional groups to other
functional groups. Yun et al™** synthesized a nitrile group-
containing microgel. The porosity of this system was deter-
mined to be 83%. After that, they converted the nitrile groups
into carboxylic groups by treatment with NaOH. Due to this
conversion, the porosity changed from 83% to 89%. The ~-COOH
groups of the newly synthesized microgels were converted into -
COO™ ions. Due to carboxylate ions, electrostatic repulsion takes
place and the porosity increased. Due to this increasing porosity
and induction of negative charge in the structure of the micro-
gels, their adsorption capacity significantly increased for anionic
dyes, while rejecting cationic dyes due to electrostatic repulsion
(due to same charges on microgels and pollutants).

6.4. Nature of medium

The solvent also affects the adsorption capacity of microgels.
Microgels have a crosslinked network and the solvent can move
in and out of these crosslinked networks. This movement of
solvents into and out of these crosslinked networks affects the
swelling and deswelling behavior of microgels. When the
solvents enter the network, microgels are in the swelling state,
whereas when the solvents leave the structure of microgels, they
are converted into the deswelling state. Pollutants can also enter
the crosslinked network of microgels together with these
solvents. In the swelling state, more pollutants enter the micro-
gels through adsorption. Therefore, the solvent directly affects
the adsorption capacity of microgels. Due to this property of
microgels, they microgels can be applied for the adsorption of

Dy, (nm) D, pH Dy, pH Content of MBAc Electrophoretic mobility
Microgel pH =3, T=25°C =6,T=50°C =6,T=25° (mol%) pH=6(10""ecm’>v 's™
P(NIPr) 630 290 630 2.5 —0.08 £+ 0.03
P(NIPr-AAc) 660 340 1070 2.5 —1.49 £+ 0.04
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water from humidity-containing areas. Guan et al.*** synthesized
hydroxypropyl cellulose-based microgels and used them as
adsorbents for water. The adsorption of water increased with an
increase in the contact time. The microgels showed 7.9-19.1 L
kg ' adsorption of water in one day by operating 24-36 cycles.
The swelling behavior of microgels is different in different
solvents. The microgels form a dispersion in water and a clear
solution under alcoholic solvents. Therefore, the swelling
behavior of microgels in alcoholic solvents is greater than in
water medium. Boji et al.*® synthesized VIDa-based microgels.
The swelling and deswelling behaviors are greater in ethanol
compared to water due to their greater solubility in ethanol than
water, as shown in Fig. 8. Similarly, a mixture of solvents can also
result in swelling and deswelling behavior under various condi-
tions. Backes et al.** reported the synthesis of P(NIPr) microgels
and studied their swelling and deswelling behavior in a mixture
of solvents (water + ethanol). When the percentage of ethanol was
greater than 30%, the hydrodynamic diameter of P(NIPr) first
decreased with an increase in temperature up to 32 °C, and then
again rapidly increased with an increase in temperature after 50 ©
C. As the temperature increased, the interaction of the microgels
with water decreased, while it increased with ethanol. As reported
in previous articles, the hydrophobic property of the microgels
increased with an increase in the temperature. Ethanol solvent
also has polar as well as non-polar parts in its structure. There-
fore, the interaction between the microgel structure and ethanol
increased with an increase in temperature due to van der Waals
interactions. More prominent behavior was observed in alcohol

s ¢
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together with water, following the order of methanol < ethanol <
propanol due to the greater non-polar character. Similar behavior
was also reported in another article by Backes.'*®

Kubiak et al.*® applied a microgel system for the extraction of
BPF, BPF, BPA, and BPB from a mixture of solvents (water +
methanol). The percentage removal of these bisphenols
increased with an increase in the percentage of methanol.
These bisphenols have greater non-polar character and solu-
bility in methanol. Therefore, these pollutants can easily enter
the network of microgels together with methanol. Therefore,
their percentage removal increased with an increase in the
percentage of methanol. Among these pollutants, BPB has the
most nonpolar character. Therefore, a greater amount of
bisphenol is adsorbed than the other pollutants.

6.5. Phase of adsorbate and adsorbent

The phase of the adsorbent and adsorbate also affects the
percentage removal of pollutants from the environment.
Generally, the interaction between liquid phases is greater than
gas phases. The kinetic energy of molecules is low in the liquid
phase. Therefore, the adsorbent and adsorbate can easily come
to close to each other in the liquid phase, where a lot of distance
is present between them in the gas phase. Therefore, the
adsorption of pollutants increases in the liquid phase compared
to the gas phase. For example, Xie et al.* synthesized calix*
pyrrole-based microgels and used them for the adsorption of
iodine. The microgel adsorbed 3.38 g ¢ ' of iodine in the gas
phase, while 7.814 g g~" of iodine in aqueous medium. The

—&— [n water
—&— In ethanol

20 40 60 80

100 120 140 160 180

Time (min)

Fig. 8 Swelling behavior of VIDa-based microgels in ethanol (represented with red line) and water (represented with black line).®®
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microgel removed 93.2% of iodine from water. Pollutants
present in the gas phase such as CO,,* H,,** CH,,* and SO, (ref.
137) can also be removed with the help of microgels. Frequently,
the structure of microgels have nitrogen atoms and they can
donate electron pairs from their nitrogen atoms. The hydrody-
namic diameter of microgels increases with the adsorption of
CO, and decreases after purging with N, gas. CO, reacts with
water molecules to form H,CO;. This is an acid and donates
a proton to the nitrogen atom of microgels. Nitrogen atoms
have positive charges after accepting protons. Electrostatic
repulsion takes place due to the same charges. Therefore, the
hydrodynamic diameter of microgels increases. After purging
with nitrogen, the CO, molecules come out from the cross-
linked network of microgels, resulting in a decrease in their
hydrodynamic diameter. CO,-loaded microgels can also be used
for the adsorption of other pollutants selectively. These micro-
gels have a positive charge in their structure. Therefore, they
adsorb anionic pollutants rather than cationic or non-ionic
pollutants. Guo et al.**® synthesized amino group-containing
microgels. The hydrodynamic diameter of the synthesized
microgels was 173 = 37 um in CO, and 48 + 14 pm in N,. The
synthesized microgels showed high adsorption capacity in
a CO, environment due to their swelling state and electrostatic
interaction for anionic dyes. Yang et al.**® and Avais et al.** also
synthesized amino group-containing microgels and applied
them for the adsorption of CO,. The adsorption capacity of
these microgels was found to be excellent.

6.6. Content of crosslinkers in microgels

The adsorption capacity of microgels is also controlled by the
concentration of crosslinker used during their synthesis. When
a large content of crosslinker is used, then a greater crosslinking
density is present in the structure of microgels. Due to this
greater crosslinking density, the mesh area (empty apace) in the
crosslinked structure of microgels decreases. Therefore, less
water molecules can enter the crosslinked network, and the
difference in the hydrodynamic diameter of microgels in the
swelling and deswelling state decreases. Meanwhile, the swelling
and deswelling behavior of microgels decreases with an increase
in the content of crosslinker. The hydrophobic nature of
microgels increases with an increase in their crosslinking
density. Therefore, the value of VPTT decreases with an increase
in the content of crosslinker. Another disadvantage of a high
content of crosslinker is the non-uniformity in sieves (mesh
area). The crosslinking density is high in some areas compared
to other areas in the structure of microgels. This effect also
reduces the adsorption capacity of microgels. Kyrey et al.'”’
investigated the effect of crosslinker content on the crosslinking
density of microgels. The hydrophobic property is high in the
region where the crosslinking density is high, whereas hydro-
philic in the region where the crosslinking density is low.
Therefore, more water molecules can enter the region where the
crosslinking density is low, and more pollutants can also be
adsorbed in this region. Therefore, a low content of crosslinker
makes microgels more suitable for adsorption. Wang et al.**
synthesized 18-crown-6-based microgel systems. The VPTT value
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of the synthesized microgels decreased with an increase in the
content of crosslinker due to the increasing hydrophobic content
(crosslinker). The adsorption of metal ions is higher by these
microgels, which had a lower content of crosslinker. Joshi
et al'* examined the effect of crosslinker content on the
adsorption capacity of microgels. They used the synthesized
microgels for the adsorption of uranyl ions from water. The
microgels with 2.5% content of crosslinker swelled less than that
with 0.65% of crosslinker content. Therefore, microgels with
a lower crosslinker content have a greater mesh area for the
adsorption of metal ions. Therefore, the adsorption capacity of
microgels with a lower content of crosslinker is higher than that
with a higher content of crosslinker.

6.7. pH of medium

The pH level of the solution plays a crucial role in adjusting the
adsorption capacity of microgels for various pollutants. This
factor significantly impacts both the behavior of the pollutants
and the functionalities of the microgel network. The pH of the
medium converts the structure of microgels into acidic or basic
form by accepting or donating protons from their structures,
respectively. Acidic microgels donate the protons from their
structure to form anions. The anionic form of acidic microgels
have strong affinity towards cationic pollutants due to the
strong electrostatic interactions between the oppositely charged
species but repel anionic pollutants due to their same charges.
Similarly, basic microgels obtain positive charges in their
structure by accepting protons. Cationic form microgels
interact with the anionic pollutants due to the opposite charges
on both the adsorbate and adsorbent species. Consequently, the
pH of the medium affects the interactions presents between the
adsorbate and absorbent together with the swelling and desw-
elling behavior, as discussed in Section 5.2.

The pH of the medium also affects the structure and elec-
tronic cloud of pollutants. Acidic dyes donate their protons in
basic medium and basic dyes accept protons under acidic
conditions. Therefore, the creation of a charge in the structure of
pollutants results in a variation in the electrostatic interaction
between the adsorbate and absorbent. In basic medium, metal
cations start to form insoluble metal hydroxides, resulting in
a reduction in metal cations in the medium. Therefore, the
adsorption of cations decreases. Kubilay et al® synthesized
pol(ethyleneimine)-based microgels, cryogels and macrogels.
They used these systems for the adsorption of chromate ions and
arsenate ions. These systems adsorbed these anions due to the
positive charges in their structure (under acidic condition). The
adsorption capacity of the microgel systems was found to be
greater than the cryogel and macrogel systems due to their
smaller size and larger surface area. A greater amount of
dichromate ions was adsorbed compared to arsenate ions
because dichromate ions have more oxygen than arsenate.
Therefore, more electrostatic interactions are present in dichro-
mate ions and positively charged microgels. Allahyar et al.'*!
synthesized carboxylic-group containing microgels. The synthe-
sized microgels were applied to adsorb silver ions. The adsorp-
tion of silver ions increased with an increase in the pH value of
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the medium due to the conversion of the carboxylic groups into
carboxylate ions. In this form, microgel had greater affinity
towards silver ions. Therefore, the adsorption capacity of micro-
gels increases with an increase in the pH of the medium. Zhang
et al.* also reported the effect of pH on the adsorption of metal
(Cu®*, Fe**) ions on the surface of microgels. The microgels had
acidic groups (-COOH, -SO;H) in their structure. Therefore, the
adsorption capacity of the microgels increased with an increase
in the pH of the medium due to their conversion into deproto-
nated forms, as shown in Fig. 9. The adsorption capacity of the
microgels was greater for Fe*" ions than Cu®" ions due to their
higher charge density and smaller ionic radius. The adsorption
capacity decreased after pH 5 due to the formation of insoluble
metal hydroxides of metal ions (Fe*" ions and Cu** ions).

6.8. Ionic strength

The ionic strength also affects the adsorption capacity of
microgels. When salts such as NaCl are added to a dispersion of
microgels, then the polar parts of the microgels interact with
the Na" ions. Due to this interaction, the size of the microgels is
also reduced. This decreasing behavior in the hydrodynamic
diameter of microgels reduces their loading capacity by
decreasing the mesh area. The insertion of Na' ions into the
sieves of microgels produces resistance for the loading of other
cationic pollutants due to electrostatic repulsion. The size of
Na' ions is very small compared to heavy metal ions. Therefore,
strong electrostatic interactions are present between these ions
and the polar or anionic parts of microgels. Therefore, it is not
possible to replace Na' ions with other heavy metal ions or
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cationic dyes. Therefore, the ionic strength reduces the
adsorption capacity of microgels. The reduction in adsorption
capacity of microgels depends on the content of NaCl. This
reduction is greater if the content of NaCl is high and lower if
the content of NaCl is small. Chen et al."*® synthesized core—
shell microgels and examined their adsorption capacity for
different dyes (MBI, methyl violet (MVi), RB, Mor, and amaranth
red (ARe)). The adsorption capacity of the core-shell microgels
was higher for cationic dyes (MBI, MVi, RB) than anionic dyes
(ARe, and MOr) due to the electrostatic interactions. -COOH
groups are present in the structure of the core-shell microgels,
which are converted into carboxylate ions. Thus, these ionic
microgels interacted strongly with cationic dyes compared to
anionic dyes and they adsorbed more cationic dyes than anionic
dyes. Among the cationic dyes, MBI was adsorbed the most due
to the less non-polar benzene rings in their structure. The
adsorption capacity of the core-shell systems decreased when
the content of NaCl increased from 0 mol L™" to 1.00 mol L™".
Similar behavior was observed by Zhao et al*** They used
different contents of NaNO; during the adsorption of heavy
metal ions. The adsorption capacity of the microgels decreased
with an increase in the content of NaNO; from 0 mol L™ to
0.1 mol L™ ". Zhang et al.*** used microgels as adsorbates on
a solid surface. The effect of the content of NaCl on this
adsorption process also showed similar behavior.

6.9. Adsorption time (agitation time)

The duration of agitation also has an influence on the adsorp-
tion capacity of microgels (adsorbents) during the adsorption of

[ | Cu* ions
B Fe" ions

Fig. 9 Effect of pH on the adsorption capacity of P(AAm-CDo-AAMPSu) microgels.*®
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various pollutants. At the beginning of the adsorption process,
the adsorption of pollutants on the microgel increases rapidly
because a greater number of functional groups on the microgels
are available to interact with the pollutants. However, after
a certain period, the removal of pollutants by the adsorbents
(microgels) starts to increase at a slower rate. Under this
condition, all the functional groups of the microgels (active sites)
are occupied with pollutants and no functional groups are
present for adsorption. The inner functional groups of microgels
interact with the adsorbed pollutants on the surface. Therefore,
the pollutants move to the inner side of the microgels due to this
electrostatic interaction, leaving the functional groups for
further adsorption. During this phase, the extraction of pollut-
ants by the microgel follows the intraparticle diffusion mecha-
nism. As time progresses further, the extraction of pollutants
diminishes. This decline occurs because the functional groups
of the microgels become saturated, and their capacity to adsorb
additional pollutants diminishes. Alternatively, the rate of
adsorption on the surface of microgels becomes equal to the rate
of desorption from the surface of microgels. Yao et al.*** applied
microgels for the adsorption of MBI. The adsorption capacity of
the microgels was high initially, gradually decreased, and then
no adsorption occurred after a certain time. In the initial stage,
a large number of active functional groups is present in the
structure of microgels. Therefore, pollutants were adsorbed
rapidly in the initial time from 0 min to 100 min. After 80 min,
the adsorption rate slightly decreased. At this stage, MBI started
to penetrate from the surface of the microgels into their sieves,
leaving functional groups on their surface. These free groups
further adsorb methylene groups. After 180 min, no further
adsorption takes place. In this stage, the rate of adsorption and
desorption becomes equal. One of us'™ also achieved similar
behavior during the adsorption of cobalt(i) ions by homogenous
microgels in one of my research projects. The percentage
removal of Co** ions by the homogenous microgel with respect
to time is presented in Table 2. Naseem et al®' also reported
a similar effect of agitation time on the adsorption of dyes by
a homogenous microgel system.

6.10. Content of adsorbate (pollutants)

The initial concentration of pollutants in the aqueous medium
plays a significant role in the adsorption capacity of microgels. At
lower pollutant concentrations, the adsorption capacity of the

Table2 Percentage removal of Co?* ions from water by homogenous
microgels.***

Percentage removal

Time of agitation of Co** ions by microgels

15 94.413
30 94.901
45 94.982
60 95.912
75 96.021
90 96.210
105 96.218
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microgels was observed to increase proportionally with an
increase in pollutant concentration. This relationship suggests
that as more pollutants become available, more active sites on
the microgels can be utilized for adsorption. However, it is
noteworthy that this trend has its limits. Once the active sites on
the microgels become saturated with pollutants, a further
increase in pollutant concentration leads to a decline in the
adsorption capacity of the microgels. In essence, the capacity of
microgels to adsorb pollutants becomes restricted when all their
available binding sites are already engaged. Yang et al.*” investi-
gated the effect of phosphate content on the adsorption capacity
of microgels. They increased the content of phosphate ions from
0 mg mL ™" to 0.3 mg mL ™", and observed that the adsorption
capacity of the microgels increased with an increase in the
content of phosphate ions. As the content of phosphate ions
increased, more phosphate ions come into contact with the
surface of the microgels. Therefore, the adsorption capacity of
the microgels increased gradually. However, it did not increase
further with an increase in the content of phosphate ions in the
complete study. One of us'** conducted a study investigating how
the concentration of Cu** ions influenced the adsorption capacity
of core-shell microgel systems, varying their concentrations from
10 to 80 mg L~ *. The adsorption increased with an increase in the
content of copper(n) ions up to 40 mg L~ ', whereas no increasing
trend was observed with a further increase in the content of
copper from 40 to 80 mg L™ due to all the active sites of the
microgels being occupied with copper(u) ions. Zhang et al.* also
observed similar results for the adsorption of Hg>", Fe**, and
Cu®* ions by microgels. Their research revealed that at lower
metal ion concentrations, the adsorption capacity exhibited an
increase in tandem with the rising metal ion concentration.
However, as the concentration of metal ions further increased,
a reduction in the adsorption capacity was observed.

6.11. Dose of microgels (adsorbents). The quantity of
microgel administered during the adsorption process also plays
a significant role in determining the percentage of pollutants
removed from the aqueous medium. The number of active sites in
microgels increases with an increase in their dose. Therefore,
a large number of pollutants can be adsorbed on the surface of
microgels. If the dose of microgel is low, then fewer active sites are
available for the adsorption of pollutants. Therefore, a smaller
number of pollutants is adsorbed on the surface of microgels. Bibi
et al.”® synthesized AAc-based microgels, and then employed the
synthesized microgels for the adsorption of MBI. The adsorption
capacity of the microgels increased with an increase in their dose
from 12.5 in 100 mL to 100 mg in 100 mL. The adsorption capacity
of these microgels decreased with an increase in microgel dose due
to the increase in the number of -COOH groups, which are
responsive for adsorption in the structure of microgels. These
microgels showed excellent adsorption capacity due to the oppo-
site charges between the structure of the microgels and methyl
blue dye (cationic dye). Arif*® also reported the synthesis of core-
shell microgels and applied these core-shell systems for the
adsorption of iron(m) ions. The percentage removal of iron(u) ions
increased with an increase in the core-shell microgel dose. This
increase provided more active sites for iron(m), ions resulting in an
increase in the adsorption amount of iron(m).
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6.12. Nature of pollutant (adsorbate). When utilizing the
same type of microgel adsorbent, it exhibits varying levels of
effectiveness in the removal of various pollutants from aqueous
solutions. Certain pollutants can be easily extracted from
aqueous medium due to the formation of compatible interac-
tions between them and the microgels. In contrast, some
pollutants are not as readily removed because the necessary
interactions for their extraction are absent. Chen et al*
synthesized amino and hydroxy group-containing microgels
and applied them for the adsorption of heavy metal ions (Cd*",
Zn**, cu®*, Pd**, Mn**, and Ni** ions). Among them, the
synthesized microgels showed the highest removal for Pb**
ions. The chelating ability of the microgels was higher for Pb**
ions due to their electronegativity, charge density, mass to
charge ratio, and size of the hydrated ion. One of our collabo-
rators®' synthesized and used the microgels for the adsorption
of CRe, MBI, and RB dyes. Due to the presence of -COOH groups
in the structure of the microgel systems, they removed a greater
number of cationic dyes compared to anionic dyes due to
electrostatic interactions at low temperature. The system
adsorbed a greater number of molecules of CRe dye compared
to MBI and RB at high temperatures. At low temperatures, the
microgel is hydrophilic in nature, while this system is converted
into hydrophobic at high temperatures. Therefore, the microgel
adsorbs more at low temperatures and less at high tempera-
tures. Chen et al'® also reported similar behavior for the
adsorption of different dyes by core-shell microgels due to the
interaction. The pH of the microgel dispersion also affects the
adsorption capacity of microgels due to the variation in elec-
trostatic interactions.

6.13. Addition of acidic or basic comonomers

The adsorption capacity of microgels can be increased with the
addition of acidic or basic comonomers in their structure. These
comonomers introduce positive or negative charges in the
structure of microgels with a variation in the pH value of the
medium. In this way, these comonomers produce more charge
density in the structure, which is responsible for the greater
electrostatic interaction between the pollutants and the charged
microgels. Arif et al.*® used a P(St)@P(NIPMe) microgel for the
adsorption of copper ions. The rate of adsorption and adsorption
capacity of the microgel were very low, which could be increased
by adding acidic or basic comonomers in the shell region of the
core-shell microgel. Therefore, one of our collaborators*>
synthesized P(St)@P(NIPMe-AAc) microgels. In this system, they
introduced AAc in the microgel, and then used it for the
adsorption of different metal ions together with copper(u) ions.
The adsorption rate and adsorption capacity of this system were
very high compared to the aforementioned system. Due to the
introduction of AAc, more -COOH groups were present in the
structure of the microgels. These groups have high electrostatic
interaction towards copper(n) ions. Therefore, the adsorption
rate of the microgels increased. Yang et al*” also reported
a similar adsorption pattern using both P(NIPr) microgels and
P(NIPr-VIDa) microgels for the adsorption of phosphate ions
separately. The P(NIPr-VIDa) microgels showed better

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

adsorption capacity and adsorption rate than the P(NIPr)
microgels due to the polar and basic VIDa comonomers in the
former.

6.14. Feed compositions of comonomers

The feed compositions of comonomers also affect the adsorp-
tion rate and adsorption capacity of microgels. Generally, the
comonomers are responsive for increasing the rate of adsorp-
tion of pollutants. Their composition also affects the swelling
and deswelling behavior of microgels together with their elec-
trostatic interactions. Wang et al.**® reported the synthesis of
a microgel system together with 18-crown-6-based comono-
mers. The synthesized microgels were used for the adsorption
of Pd*" ions from water. The 18-crown-6 in the microgel was
responsible for this adsorption. Due to the suitable radius of
Pd>" ions, they can be entrapped in this crown system. If the
feed composition of this comonomer is increased, then more
crowns are formed in the structure of the microgels. Therefore,
more crowns are available for the adsorption of Pd** ions. In
this way, the rate of adsorption increased with an increase in the
feed of comonomers during the synthesis of the system. Yang
et al.”” reported the synthesis of microgels with different feed
compositions of comonomer and used them for phosphate ion
adsorption. Initially, the adsorption capacity increased due to
the increase in basic component in the structure of the micro-
gels. After a certain composition, the adsorption capacity of the
microgels started to decrease. As the feed content of como-
nomer increased, the hydrodynamic diameter of the microgels
increased. Therefore, more ions can enter the sieves of the
microgels. If the content of this comonomer increases further,
the swelling behavior of the microgels decreases. When the feed
of the commoner increases further, more hydrophobic char-
acter is produced in the microgels. Therefore, the adsorption
capacity of the microgels also decreases.

7. Adsorption isotherms

Various adsorption isotherms have been utilized to interpret
the interaction between microgel adsorbents and pollutants.
These isotherms not only help estimate the adsorption capacity
of the adsorbents but also provide insights into the extent of
adsorption. The commonly employed models include the
Langmuir (LMu), Dubinin-Radushkevich (DRa), Freundlich
(FLi), and Temkin (TKi) adsorption isotherms, which are
frequently applied to investigate the adsorption process.

In the LMu model, adsorption involves the formation of
a monolayer of adsorbate (pollutants) on the outer surface of the
adsorbent (microgels), reaching an equilibrium state. Once this
monolayer is formed, no further adsorption occurs on the outer
surface. At this point, the rates of adsorption and desorption of
the adsorbate from the outer layer of the adsorbent are equal.***
DRa is a mathematical model used to describe the adsorption
behavior of pollutants on a solid surface (microgels), particularly
in the context of microporous materials.”®” The FLi model
considers the multilayer adsorption of pollutants on a heteroge-
neous surface with varying adsorption affinities.**> The TKi
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model deals with the interaction between the pollutant (adsor-
bate) and the surface of microgels (adsorbents).*****¢

The mathematical form of the linear equations used for the
LMu, FLi, DRa, and TKi adsorption isotherms are shown in eqn
(1), (3), (4) and (7), respectively. In eqn (2), Ry, is the separating
factor, which is calculated using the Langmuir isotherm. Ry,
offers insights into the optimal adsorption of adsorbate on the
surface of an adsorbent material. The R; value falls in the
adsorption range of 0-1. The value of ¢ is calculated with the
help of eqn (5) and the mean free energy of adsorption, which is
represented by E, is achieved with the help of eqn (6).

c_c 1 "
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R = # (2)
" 1+0G,
1
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Inge = —B¢> + In gpn (4)
1
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V28
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where C. (mg L") signifies the concentration of pollutants in
the solution phase, while g. (mg g~ ") represents the quantity of
pollutants adsorbed on the microgels at equilibrium. The
parameter ¢, (mg g ') represents the monolayer adsorption
capacity, Ry is the separation factor, which indicates the linkage
between the adsorbent and adsorbate and its value is in the
range of 0-1, C, indicates the initial concentration of adsorbate,
and b corresponds to the LMu adsorption constant (L mg™ "),
which is associated with the energy of adsorption. Ky (L g™ ")
represents the FLi isotherm constant, and 7 is the heterogeneity
factor. The n value provides insight into the favorability of the
adsorption process. § stands for the isotherm constant associ-
ated with the adsorption energy and R represents the universal
gas constant (8.314 ] K~ ' mol '). The value of E serves as an
indicator of the character of the adsorption process. When E is
less than 8 k] mol ', it signifies a physisorption nature. If E falls
in the range of 8-16 kJ mol™", it suggests an ion exchange
mechanism. Conversely, when E exceeds 16 k] mol ", it indi-
cates chemisorption. Regarding the Temkin adsorption
isotherm model, it provides insights into the interaction
between the adsorbent and the adsorbate, where A (L g~ ') and B
(dimensionless) represent the Temkin constants. Specifically,
the constant B is equal to RT/b, where b (J mol ') is another
Temkin constant associated with the heat of adsorption.
Isikver et al.* reported the synthesis of microgels and used
them for the adsorption of dyes. They applied the Langmuir
adsorption isotherms for the adsorption of dyes by the
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microgels. The structure of the microgels have both cationic
and anionic parts. Due to the presence of both cationic and
anionic parts in their structure, the microgels could adsorb
both cationic and anionic dyes from the environment. The
adsorption of dyes on the surface of the microgels occurred due
to hydrogen bonding and electrostatic interaction. Xu et al.**’
synthesized a composite system of graphene oxide-microgel
and made this system suitable for the adsorption of cationic,
anionic, and non-ionic dyes. In the structure of the microgel
composite, both positive (due to protonation of amino groups
from allyl amine moieties) and negative charges (due to
deprotonation of carboxylic groups from graphene oxide
moieties) are present. They also applied the LMu model to the
adsorption process at various temperatures. Kureha et al.*** also
synthesized homogenous microgel systems and investigated
their adsorption capacity for different dyes. They adsorbed EY,
Rose Bengal (RBe), Erythrosine (ESi), Phloxine (PXi), OII, and
Tartrazine (TTZi) dyes on the synthesized microgels. The FLi
and LMu models were also applied to the adsorption of dyes.
The microgels showed halogen bonding. Their methoxy groups
for strong bonds with the halogen side of the dyes. Tatry et al.**®
and Qian et al*® also applied the Langmuir model for the
adsorption by microgels. One of us'* synthesized a homoge-
nous microgel and investigated different adsorption isotherms
such as LMu, Dra, FLi, and TKi on the adsorption of Co®" ions
by homogenous microgels.

8. Kinetics of adsorption process

The adsorption kinetics serves as a crucial physiochemical
parameter for understanding the fundamentals of the adsorp-
tion process. Researchers make use of the pseudo-first-order
(SFO), pseudo-second-order (SSO), and intraparticle diffusion
(IPD) models to assess the rate of the adsorption process. The
linear representation of the SFO, SSO, and IPD model kinetic
models is expressed as follows:

In(g. — q)) = —kit + Ing, (8)
t 1 t

+— )

q kg g

q: = kinttll2 +1 (10)
where ¢. (mg g7') and ¢. (mg g~ ') denote the quantity of
pollutants adsorbed on the microgel at equilibrium and at any
given time, respectively. k; (1/s) and k, (g mg™" s~') represent
the rate constants for the SFO and the SSO kinetic models,
respectively. Kj,; represents the intraparticle diffusion constant.

The intraparticle diffusion model is used to characterize the
removal of pollutants from an aqueous solution when a porous
microgel network is involved. This model breaks down the
process into three key steps, as follows:

(a) The transportation of pollutants from the solution to the
surface of the adsorbent.

(b) The diffusion of pollutants within the pores of the
adsorbent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(c) The attachment of pollutants to the active sites within the
microgel adsorbents.

In the initial phase, the surface of the adsorbent is unoccu-
pied, and the adsorption kinetics can be viewed as a process
primarily constrained by transport. This transport is governed
by the diffusion of metal ions from the bulk solution to the
surface of the adsorbent.

In the study by Arif et al.,'* they observed that the adsorption of
Cu®" ions on the microgels adhered to the intraparticle diffusion
model, as evidenced by the high R (coefficient of determination)
value of the intraparticle diffusion model. The intraparticle diffu-
sion model serves to provide insights into the underlying mecha-
nism of the adsorption process. Interestingly, their findings
indicated that the adsorption of Cu”>' ions on the microgels
occurred in three distinct steps. Initially, there was a rapid
adsorption of Cu** ions due to the more active sites available for
adsorption. In the second stage, the adsorbed ions penetrate the
microgels and left empty surface for further adsorption. Subse-
quently, Cu®" ions start to occupy the generated empty space.

Arif et al.®®* conducted a study on the kinetics of Cu** ion
adsorption using core-shell microgels. Their observations
revealed that the adsorption process was well described by SSO
kinetics. When analyzing the intraparticle diffusion model, they
found that it produced two distinct graphical segments. In the
initial phase, a linear portion with the emergence of a plateau
indicated the rapid adsorption of Cu®** ions on the microgel
surface. Subsequently, in the second phase, the less
pronounced plateau depicted a slower adsorption process on
the microgel adsorbent. This behavior suggested that the
adsorption process was primarily driven by intraparticle diffu-
sion, which served as the rate-determining step.

9. Thermodynamic aspect

The adsorption capacity of microgels can be influenced by the
temperature of the medium."*® Various thermodynamic param-
eters such as entropy change (AS°), enthalpy change (AH®), and
free energy change (AG®) reveal the feasibility and nature of the
adsorption process together with exothermic/endothermic
nature. AS°® and AH° can be determined by analyzing the inter-
cept and slope of the plot (1/7 vs. In K) by employing eqn (11).

AH° AS°
an__RT—’_T (11)
The AG° value can be calculated by using eqn (12).
AG'=-RTInK (12)

Eqn (11) and (12), R is the universal gas constant, K repre-
sents the equilibrium constant, and T denotes the temperature
of the medium in Kelvin.

Naseem et al.'® synthesized core-shell microgel systems and
used them for the adsorption of Cu**, Cd*", and Cr** ions from
water. The negative AG° values observed in metal ion adsorption
indicate the spontaneous and feasible nature of the adsorption
process. For all metal ions, an exothermic adsorption process is
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indicated by negative values of AH®, while a decrease in random-
ness at the interface of the adsorbate (metal ions) and adsorbent
(core-shell microgels) is shown by negative values of AS°.

10. Conclusion and future directions

Different types of pollutants are present in the environment,
which are very toxic to living organisms. These pollutants can be
removed by adsorption processes and microgels are the best
option as adsorbents due to their easy synthesis and stimulus-
responsive behavior. Different types of adsorption isotherms
can be applied to investigate the adsorption process. Kinetic
studies are also important for the justification of the adsorption
mechanism. The intra-particle diffusion model is best fitted to
the adsorption of pollutants by microgels. Selectivity and high
adsorption capacity of microgels can be achieved by the modi-
fication of the structures of microgels.

Microgels exhibit remarkable capacity for adsorbing various
pollutants with high efficiency. The unique feature of microgels
being sensitive to external stimuli allows for the adjustment of
their adsorption capacity by altering factors such as temperature,
ionic strength, and pH in the surrounding medium. Several
factors, including dose of microgel, temperature, agitation
duration, feed composition of monomers and comonomers
during synthesis, pH level, choice of comonomers for function-
alizing microgel adsorbents, acidic or basic comonomers, nature
of both microgels and adsorbate, nature of medium, and the
concentration of crosslinkers collectively govern the adsorption
capacity of microgels for different types of pollutants. The
substantial presence of functional groups within the microgel
network significantly contributes to the enhanced adsorption of
pollutants. Additionally, the adsorption of pollutants on micro-
gel adsorbents can manifest as monolayer or multilayer
adsorption, depending on both the characteristics of the
microgel adsorbent itself and the nature of the specific pollutant.

Microgels and composite microgels demonstrate remarkable
efficiency as adsorbents for eliminating pollutants from the
environment; however, their relatively high production costs
have limited their widespread application in large-scale water
purification or pollutant removal efforts. Thus, there is
a pressing need to develop methods for manufacturing micro-
gels that can significantly reduce their cost. One approach is to
explore copolymerization with various other monomers such as
vinyl acetate, vinyl-imidazole, hydroxyl-ethylene methacrylate,
vinyl-aniline and acrylic acid to fine-tune the properties of
microgels, making them more cost-effective, while maintaining
their effectiveness as adsorbents. It is worth noting that most of
the reported microgels exhibit exceptional efficiency in
removing small-sized metal ions compared to their larger
counterparts. When AAc is copolymerized with various micro-
gels, it tends to form a less compact structure. This structural
characteristic can potentially contribute to cost reduction and
improved performance when applied as adsorbents. The
carboxylic acid functional groups of AAc are primarily situated
on the surface of microgel particles rather than being
embedded within the microgel network. Consequently, micro-
gels polymerized with AAc have the potential to serve as more
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effective adsorbents for removing large-sized heavy metal ions
and cationic organic dyes compared to microgels polymerized
with MAAc. In the latter case, a denser, block-like structure is
formed, with the functional groups predominantly located
inside the microgel network. The adsorbed metal ions can be
further studied by converting these ions into metal nano-
particles. The newly synthesized systems are more effective in
catalytic reduction reactions. This is another advantage of this
type of adsorption by microgels. Furthermore, there is an
emerging need to investigate the copolymerization of microgels
with various biomolecules to enable their biodegradation after
they have been used for their intended lifespan. Additionally,
exploring the interactions that occur between pollutants and
the functional groups in microgels presents an avenue for
enhancing the adsorption capacity of microgels.

List of abbreviations

NIPr N-Isopropylacrylamide

AAc Acrylic acid

NIPMe N-Isopropylmethacrylamide

AAm Acrylamide

P(NIPr) Poly(N-isopropylacrylamide)

MAAc Methacrylic acid

CRe Congo red

MBI Methylene blue

P(DAm) Poly(diamine)

P(VAl) Poly(vinyl alcohol)

VPTT Volume phase transition temperature
P(DMAEMAc) Poly(2-(dimethylamino)ethylmethacrylate)
P(ESFo) Poly(ether sulfone)

MVi Methyl violet

ARe Amaranth red

NVCa N-Vinylcaprolactam

AAMPSu 2-Acrylamido-2-methylpropane sulphonic acid
EY Eosin Y

SDSu Sodium dodecyl sulfate

RB Rhodamine-B

MOr Methyl orange

MBAc N,N'-Methylene-bis-acrylamide
APSu Ammonium per sulphate

(0)11 Orange II

SDSu Sodium dodecyl sulphate

P(St) Poly(styrene)

St Styrene

CDo Carbon dot

Dy Hydrodynamic diameter

CSa Chitosan

UCST Upper critical solution temperature
P(EAm) Poly(etheramine)

MAc Maleic acid

BPA Bisphenol A

BPB Bisphenol B

BPF Bisphenol F

BPE Bisphenol E

VPy 4-Vinylpyridine
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