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Water treatment is a process used to eliminate or reduce chemical and biological contaminants that are
potentially harmful to the water supply for human use. Stimuli-responsive polymers are a new category of
smart materials used in water treatment via a stimuli-induced purification process and subsequent regen-
eration of the polymers. Stimuli-responsive polymers dynamically change their physico-chemical properties
upon environmental changes. They can undergo shrinkage or expansion, alter their optical properties, and
change their electrical characteristics depending on the applied stimuli. In this context, various stimuli-
responsive polymer systems such as self-assembled nanostructures, supramolecular polymers, hydrogels,
porous nanoparticles, membranes, and responsive coatings can be used in water treatment. As two main
water pollution sources, heavy metals and dyes have raised considerable concerns among researchers.
Current methods are inefficient at removing these contaminants from water, which may endanger the eco-
system. This review focuses on stimuli-responsive polymers that absorb heavy metal ions, aqueous anions,
and dyes through their responsive characteristics. In particular, our objective is to evaluate the effectiveness
of different smart polymer systems in water treatment processes. Recent advances in the field of pH-, CO,-,
temperature-, and light-responsive polymers in water purification are reported in detail, and other stimuli
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including magnetic fields, redox systems, and electrical fields are discussed. This review also highlights novel
dual- and multi-responsive polymers as these can exhibit favorable synergistic properties. In addition, future
directions in water purification through smart polymers, the use of different regeneration processes, and

rsc.li/polymers finally the selectivity and efficiency of the removal systems are discussed.

industrial activities may get contaminated by heavy metals,
dyes, phenols, detergents, pesticides, polychlorinated biphe-
Water as one of the essential resources of human life is pro- nyls, and a bunch of other inorganic and organic

1. Introduction

vided by nature, and its quality directly affects the quality of
human life. A great part of available freshwater is used in
industrial applications and urbanization processes which is no
longer suitable for human and animal usage." The remaining
little amount of freshwater may also contain organic, in-
organic, and biological agents, which can exert harmful effects
on human life. Biological agents in water may include Vibrio
comma, Salmonella typhosa, Yersinia enterocolitica, Escherichia
coli, and Shigella dysenteriae.” In addition, the freshwater in
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substances.®* Inorganic compounds like calcium, magnesium,
potassium, bicarbonate, chloride, nitrate, arsenic, copper, and
iron may exist in wastewater.® Azo-based dyes, capable of con-
verting into aromatic amines, are also the main source of
wastewater pollution.®”

Wastewater treatment has remained as a critical global
problem despite different technological advancements in this
field. To convert wastewater to a potable material, several tech-
niques have been developed to remove the pollutants.®
Coagulation and flocculation are the most effective methods
for treating wastewater.” Addition of some coagulating chemi-
cals, such as Ca(OH),, NaOH, CaCOs, Al,(SO,);, organic poly-
mers, and sulfides like pyrite (FeS,), to wastewater can remove
organic and inorganic pollutants.'®'* Another commonly used
technique for treating wastewater is the adsorption of in-
organic and organic contaminants onto activated charcoal.'®"?
Membrane filtration, ion exchange, solvent extraction, chemi-
cal precipitation, electrochemical treatment, floatation, and
oxidation processes are also used to remove inorganic and

This journal is © The Royal Society of Chemistry 2022
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organic pollutants from wastewater."> > Adsorption and mem-
brane filtration are known as the most commonly used water
treatment methods since they exhibit highly efficient selective
removal of contaminants with an easy procedure for adsorp-
tion and regeneration processes."®'” In these methods,
responsive polymers could be extensively used to remove
different contaminants from wastewater in the form of solu-
tions, particles, fibers, mats, membranes, etc.'®'°
Stimuli-responsive polymers hold great promise for waste-
water treatment due to their outstanding properties under
different conditions. Temperature-, pH-, light-, CO,-, magneto-
, and electro-responsive polymers are being used as absorbents
in wastewater treatment. The pH-responsive polymers are
based on charged networks, either negatively or positively, and
usually exhibit different degrees of swelling at different pH
values.?*®* Temperature-responsive polymers respond to the
variation of temperature by changing their conformation in
the solution state,® which can be used as a treatment method
for wastewater. CO,-responsive polymers contain mostly amine
groups, which get protonated and adsorb metal ions and dyes
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once CO, is inserted into the system.>*** Dual and multi-
responsive polymers are also sensitive to two or more external
stimuli, sometimes endowing them with double power for the
removal of dyes and ions from wastewater and eventually in
their regeneration process.”® Table 1 summarizes the most
important studies on water treatment systems using stimuli-
responsive polymers, their morphology, the contaminant type,
adsorption capacity, selectivity in removal, and the regener-
ation possibility of the polymer.

In this review study, relevant advances in the field of water
treatment using stimuli-responsive polymers are briefly pre-
sented. The most exciting properties of stimuli-responsive poly-
mers are their easy synthesis routes and compatibilities for treat-
ing wastewater. The most recent advances in the removal of dyes
and heavy metal ions from water by using stimuli-responsive
polymers are discussed. Future directions in wastewater purifi-
cation using smart polymers, dual- and multi-responsive poly-
meric systems, and different regeneration processes are also
highlighted. Different smart polymers in the form of gels,
hybrids, containers, porous particles, fibrous mats, self-
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assembled structures, membranes, and dendrimers are studied
for the removal of ions and dyes from aqueous media, and their
beneficial and weak points in the absorption and regeneration
processes are also discussed. Adsorption, membrane filtration,
and ion-exchange methods seem to best fit with the area of
water treatment with stimuli-responsive polymers. The selecti-
vity and efficiency of the treatment and also the limit of detec-
tion of the contaminants are important factors in water purifi-
cation systems. It is expected that this review will lead to further
improvement in the field of wastewater treatment in the future.

2. Water treatment by smart
polymers

Different technologies have been developed to remove pollutants
from environmental water over the past few decades, which are
not usable anymore due to industrial and agricultural polluting
materials.”” Heavy metals, inorganic impurities, organic pollu-
tants, and particularly dyes are known as groundwater and
surface contaminants.”® Physical adsorption,”® oxidation,* biore-
mediation,®' and responsive materials*® are among the techno-
logies being used to address this issue. Stimuli-responsive poly-
mers respond to external and internal stimuli by changing their
physical or chemical properties.®”> Wastewater treatment by these
materials showed impressive results, as shown in Fig. 1. These
materials encompass multiple properties, including variable
facilities and higher purity after the regeneration step without any
solid residue in the sludge. Stimuli-responsive polymers have
more efficiency in comparison with other natural or synthetic
materials in wastewater treatment.*?

Research studies on stimuli-responsive polymer gels for
wastewater treatment have rapidly been progressing more than
the other products. Polymer gels are classified into three
different types: microgels, hydrogels, and interpenetrating net-
works (IPN).** The wastewater treatment products mostly rely
on stimuli-responsive microgels and hydrogels.®> Smart
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polymer gels are categorized as chemical (non-destructible,
irreversibly destructible, reversibly cleavable, and covalent
adaptable gels) and also physical network structures.**"*® Non-
destructible polymer gels change their volume sporadically
and reversibly in response to external stimuli, such as pH,
temperature, light, etc.’>°° As adsorbent materials with a
reversible swelling behavior, they undergo adsorption and
regeneration cycles effectively.”’ Hybrid microgels, gel contain-
ers, and nanogels are also used for wastewater treatment.’>™°
The hybrid structures with the core of magnetic particles are
very effective in the regeneration process due to their easy
coagulation and collection by the magnetic field.’® % Stimuli-
responsive porous particles are also used for wastewater treat-
ment. They change their characteristics in different environ-
ments originating from a change in their surface area, the capa-
bility of taking up solvents with different polarities, and a
change in their brittleness. Similar to the stimuli-responsive
polymer gels, porous polymer particles show swelling character-
istics allowing their application in wastewater treatment. After
polymer gels, porous polymer particles are receiving more atten-
tion for wastewater treatment. Other families for wastewater
treatment are substrates with a grafted responsive polymer, like
cellulose, chitosan, cellulose nanocrystals, graphitic layers,
carbon nanotubes, etc.”® %" These substrate-grafted stimuli-
responsive polymers undergo easy regeneration processes,
which is an advantage compared with their counterparts used
in wastewater treatment. Dendrimers or hyperbranched poly-
mers, such as poly(amidoamine) and poly(propylene imine),
with lots of nitrogen atoms, can also be used in ion- and dye-
removal systems.'”*'** Fibrous smart polymers and mem-
branes, which could be designed to change their hydrophilicity,
surface characteristics, porosity, and charge density, are also
known as highly-efficient water treatment methods.'®

2.1. pH-Responsive polymers

The pH-responsive polymers change their characteristics
including surface activity, chain conformation, and solubility
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Fig. 1 Switchable stimuli-responsive polymeric materials in the wastewater treatment process, designed by biorender.com.

in response to pH variations.'®"'%® Both negatively- and posi-

tively-charged polymers exhibit different degrees of swelling at
different pH depending on their ionic
composition.'*"% In general, pH-responsive polymers act as
cationic polymers in acidic media and as anionic ones in basic
media, showing different self-assembly behaviors depending
on their structures. Upon changing from a neutral to a
charged state, they can absorb oppositely charged ions and
dyes through electrostatic interactions, without leaving any
residue, which is highly applicable in wastewater treatment.'"*
Among the other platforms, hydrogels are a more common
type of pH-responsive polymer and they change their size
upon a variation in the pH of the media, which can be used in
the adsorption and release processes.

2.2.1. Cationic pH-responsive polymers. Cationic pH-
responsive polymers are used to remove negatively charged
harmful ions and dyes from wastewater. Colored wastewater is
known as a big threat to the environment."'> Qin and co-
workers®” synthesized ammonium-functionalized hollow poly
(maleic anhydride-alt-styrene) particles (HPP-NH*") with a
high density of ammonium groups on the shell via precipi-
tation copolymerization. Negatively charged methyl blue dye
was absorbed as a model by the ammonium and acid groups
on the structure. As shown in Fig. 2(A), the adsorption capacity
of HPP-NH;" increased when the pH decreased from 9 to 2. At
low pH values, amine groups get protonated and absorb nega-
tively charged dyes through electrostatic interactions, while
regeneration of above 98% can be achieved at high pH values.
Recently, PDMAEMA-grafted magnetic chitosan microspheres
synthesized by graft polymerization were used as an absorbent

values
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for anionic dyes like Acid Green and Reactive Blue. At low pH
values, protonation of the tertiary amine groups of PDMAEMA
causes extension of the polymer chains via electrostatic repul-
sions. Extension of the PDMAEMA chains results in the
adsorption of anionic dyes through electrostatic interactions
and hydrogen bonding. In addition, the protonated
PDMAEMA chains get deprotonated at high pH values, allow-
ing the release of dyes from the dye-loaded PDMAEMA.>®
PDMAEMA/crystalline nanocellulose (CNC) hydrogels were
also used to remove methyl orange (MO) from water, by inter-
molecular and electrostatic interactions between the func-
tional groups of the hydrogel and dye.** A carboxymethyl cell-
ulose/chitosan interpenetrating network hydrogel was pre-
pared to adsorb and desorb anionic dyes at different pH
12 The chitosan’s amino functional groups were proto-
nated to the NH,;* form under acidic conditions. On the other
hand, the protonated amino groups on the chitosan surface
adsorb negatively charged Acid Orange II by electrostatic inter-
actions. Moreover, under alkaline conditions, the amino
groups on the hydrogel were kept in the form of -NH, and con-
sequently desorb the dyes into the system (Fig. 2(B)).

Dendritic polymer structures in free or hybrid forms have
also been used in the removal of anions from wastewater.
Protonation of the amino groups in the structure of PAMAM at
low pH values makes it possible to remove negative ions in
aqueous systems.''>"'* An amine-rich PAMAM dendrimer
adsorbent was used for the selective and efficient adsorption
of anionic MO and tartrazine dyes by Duan and coworkers,**
as shown in Fig. 2(C). The maximum adsorption capacity
towards MO and tartrazine was as high as 680.2 mg g™* and

values.
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Fig. 2 (A) Schematic illustration for the adsorption and desorption of methyl blue by HPP-NHs*,%” Copyright 2016, Reproduced with permission
from American Chemical Society (ACS); (B) working mechanism of chitosan adsorption and desorption of Acid Orange,'? Copyright 2021,
Reproduced with permission from Springer; and (C) application of the PAMAM dendrimer for selective and efficient adsorption of anionic MO and
tartrazine dyes.** Copyright 2019, Reproduced with permission from Elsevier Ltd.

689.7 mg g™, respectively. The dye-adsorbed PAMAM could be
readily desorbed in alkaline solution and separated from water
by filtration. These dendritic structures could also absorb posi-
tive ions in aqueous media at basic pH values, where the regen-
eration process takes place by applying the pH stimulus and pro-
tonation of the amino groups.'®>'**™''7 Interestingly, the posi-
tively charged membrane due to the protonation of amino
groups shows excellent rejection to Pb>*, Ni**, Cd>*, As”, etc.*®
Poly(propylene imine) (PPI) dendrimers were also used to
remove ions and dyes from aqueous media.>”">*> These examples
show that the responsive characteristics of amine-containing
dendrimers could be used for the removal of anionic dyes and
ions and also the regeneration of cationic contaminants.

2.2.2. Anionic pH-responsive polymers. Most of the dyes in
a wastewater stream are cationic, and their removal requires

5946 | Polym. Chem., 2022, 13, 5940-5964

29,118 There are assortments

anionic pH-responsive polymers.
of polymeric products named hydrogels, which play a crucial
role in several applications because of their capability to hold
a large amount of water in their networks.""® During the last
few decades, hydrogels have been used as significant adsor-
bents for removal of dyes and heavy metals from wastewater.
By the formation of anionic charges on the hydrogel structure,
cationic heavy metal ions or dyes are removed from waste-
water."*® Kasgoz and coworkers®® synthesized a pH-responsive
system based on acrylamide (AAm) and 2-acrylamido-2-methyl-
propane sulfonic acid (AMPS) sodium salt via in situ copoly-
merization in the presence of clay. Removal of Cu(u), Cd(u),
and Pb(u) ions was studied in both competitive and non-com-
petitive situations. In a non-competitive case, the solution of
each ion was prepared in a separate container. The ion
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removal behavior of clay-containing nanocomposites showed
enhanced adsorption by increasing the amount of clay and
then it decreased due to the filtration cake problems. By
decreasing the pH of the solution, the adsorption capacity of
the samples decreased because of the non-ionic bonding
mechanism at lower pH values. In a competitive adsorption
process, ion solutions were prepared in the same container.
The results were the same as the non-competitive situation,
where the sequence of removal of the ions was Cu(u) > Pb(u) >
Cd(u). The same method was also used by Atta and co-
workers,>® where a hydrogel of AAm and 2-AAm-2-methyl
propane sulfonic acid (AAM/MPS) was prepared through free
radical solution polymerization. After ion-removal by the pre-
pared hydrogel, it was used for desorbing the ions at low pH
values. They showed that the adsorption capacity was
increased by increasing the pH. Competition between the H"
ions for the hydrogel sites and the metal ion’s complex for-
mation decreased by increasing the pH. The results indicated
that the maximum load capacities are 510.8, 480.5, and
400.2 mg g~ for the Cd(u), Cu(u), and Fe(m) ions, respectively.
By decreasing the pH of the system, sulfonic groups got proto-
nated and a competition occurred between the metal ions and
protons, which finally led to the desorption of metal ions from
the hydrogel and allowing the re-usage of the hydrogel. Since
the selectivity of ions is an important parameter in wastewater
treatment, it was also confirmed that the prepared hydrogels
have impressive selectivity towards Cd(u) and Cu(u).
Poly(acrylic acid) (PAA) is another pH-responsive polymer
used for this purpose.®*'?"'*> A PAA hydrogel was cross-linked
via gamma radiation by Barrera-diaz and coworkers'?® in order
to investigate the ion adsorption behavior. After the grafting of
4-vinyl pyridine to PAA in two different grafting degrees of
26.74 and 48.1%, the product was brought into contact with
an aqueous lead solution to determine its Pb*" removal
capacity. To evaluate the effect of pH on the lead removal, the
pH range was changed from 2 to 6. The lead ion removal was
increased by increasing the pH to 4, and it was slightly
decreased by varying the pH from 4 to 6. This behavior orig-
inates from the competition between the protons and metal
ions to reach the carboxylate active sites. A similar method was
used by Wang and coworkers'*” for the investigation of Pb*",
Ccd®*, cu®*', and Fe*' adsorption. The adsorption levels for
Pb**, Cr*", ¢d*", and Cu*" were increased from 22 to 175, 51 to
131, 69 to 92, and 102 to 160 mg g, respectively, by increas-
ing the pH value. The methylene blue (MB) dye has widely
been investigated as a cationic dye in wastewater treatment
studies.**'**'>®> Environmentally friendly hydrogel adsorbents
were prepared by cyclodextrin polymer/ferrocene-modified PAA
via host-guest interactions. To remove poisonous organic
molecules, including bisphenol A (BPA) and MB, pH changes
and hydrophobic interaction were used. The removal mecha-
nism of the organic molecules was considered as electrostatic
interaction and hydrogen bonding, and the prepared hydrogel
showed excellent potential for water purification. However, the
hydrogel showed a low adsorption capacity for BPA in an alka-
line solution (pH > 9). The surface charge of the hydrogel
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plays an essential role in removing positively charged MB,
where it has a low adsorption capacity for MB in an acidic
solution. Singh and coworkers®® prepared a pH-sensitive poly
(acrylic acid-co-vinyl sulfonic acid) hydrogel for the removal of
MB from water at pH values of higher than 7, which was reusa-
ble in wastewater treatment technology. A pH-responsive gum-
grafted PDMAEMA has recently been synthesized to adsorb
MB and indigo carmine dyes from wastewater.>® Competition
between the high concentration of H' ions in solution and the
positively charged sulfur atoms of MB under acidic conditions
led to low adsorption due to the electrostatic attraction forces.
Moreover, protonation of the hydroxyl and carbonyl functional
groups at low pH values caused a decrease in the amount of
the dye adsorbed.

Resins are also used for the removal of ions and dyes from
wastewater.>”*%126127 The adsorption of Cu®* and Pb** ions
from wastewater was studied by Ali and coworkers using a
resin system.?” Herein, [(diallylamino)propyl] phosphonic acid
hydrochloride was prepared through a cycloterpolymerization
method, and the effect of pH on the removal of the ions was
investigated. The negative charge densities of the prepared
polymer/resin were increased by increasing the pH values,
which led to an increase in electrostatic force interactions.
This process facilitates ion exchange and complexation
through the formation of coordination bonds between the
functional groups of the resin and metal ions. The same group
prepared a cross-linked acidic tetrapolymer via the cyclopoly-
merization of amino, carboxylate, phosphonate, and sulfonate
monomers, and the effect of pH on the removal of Cr(ir) ions
was investigated in the pH range 3.0-7.0. At pH values of 1-6,
Cr(m) exists in the form of Cr(m) and also CrOH>*, Cr3(OH),"",
and Cr,(OH),*. Therefore, positively charged ions were
absorbed on the negatively charged active sites of polymer
chains by increasing the pH from 1 to 6. In another study,
Mazumder and coworkers'®® synthesized a pH-responsive
resin through the cyclocopolymerization of diallylammo-
nioethanoate and maleic acid. The prepared resin removed MB
and Hg(u) from industrial wastewater with high efficacy, and
the adsorption capacity was improved by increasing the pH
from 2.8 to 5.4. Sanchez and coworkers®® studied the adsorp-
tion of Cr(v1) ions from aqueous solution using PDMAEMA syn-
thesized through reversible addition-fragmentation chain
transfer (RAFT) polymerization. PDMAEMA chains were proto-
nated at low pH values, because of their amine groups, which
resulted in higher removal of Cr(vi) in the pH range of 4 to 6.
The ion holding capacity was decreased at pH < 4 and pH > 6,
due to the protonation of the PDMAEMA chains, which made
the retention of the chromium anions easier in this range of
pH values. Desorption of Cr(vi) ions was also investigated in
this study. By increasing the pH to the basic values,
PDMAEMA chains became neutral and released the anionic
ions from the polymer chains. The optimum conditions for
the maximum removal of Cr(vi) from water were achieved at
pH 4.

Removal of MB has also been investigated by Dragan and
coworkers'** via IPN composite hydrogels synthesized by the
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free radical polymerization technique. Polyacrylamide (PAAm)
was selected as the hydrogel matrix and native potato starch
was selected as the entrapped polymer. The presence of PAAm
in the IPN structure resulted in its pH-sensitivity. Repetitive
adsorption/desorption analyses showed the capability of the
IPN composite hydrogel of maintaining its ion adsorption
ability as a re-usable absorbent. A complex copolymer structure
to remove cationic heavy metals and dyes was reported by
Zheng and coworkers,® who synthesized multifunctional car-
boxylate-rich magnetic chitosan flocculants via surface graft
copolymerization on magnetite particles. This material
showed pH sensitivity due to the presence of amino, hydroxyl,
and carboxyl groups on the structure of the flocculating agent.
Herein, the removal of Ni(n) and malachite green (MG) was
investigated. Polymer grafting on chitosan has significant
effects on cationic ion and dye adsorption, because the car-
boxylic acid groups provide negative charges for attraction of
positive ions and dyes. It is shown that the uptake rate of this
material is maximum in the pH range of 4.0-8.0. Removal of
Cr(u) and organic dyes by a pH-responsive resin containing
zwitterionic aminomethyl phosphonate ligands and hydro-
phobic pendants was carried out by Ali and coworkers.*" They
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used the quadripolymerization method to prepare the functio-
nalized resin containing hydrophilic motifs of aminomethyl
phosphonate and hydrophobic pendants of 6-(biphenyl-4yloxy)
hexyl. The effect of pH in the range of 3-7 on the removal of
Cr(m) and several dyes, including MO, eriochrome black T, rho-
damine B (RhB), methyl red, and MB, was investigated. At pH
> 6, dominant species are CrOH>*, Cr;(OH),>", and Cr,(OH),"",
which were attracted to the negatively charged sites of PO;H™
and PO;>~ on the resin. The mechanism of the removal of ions
and dyes is shown in Fig. 3(A). Cellulose nanofibril (CNF)-
based aerogels have great potential for commercialization due
to their low cost, compressibility, sustainability, high adsorp-
tion capacity, rapid adsorption kinetics, and ease of fabrica-
tion. By grafting poly(ethyleneimine) (PEI) onto CNFs, aerogel
sorbents were prepared to remove Cu®>" and MO from waste-
water.*” The aerogel showed a high adsorption capacity over a
wide pH range. In addition, its surface charge showed a strong
dependency on pH due to the protonation and deprotonation
of amine and amino groups upon the change in pH (Fig. 3(B)).
At low pH values, PEI endows the aerogel with a positive
charge and allows it to adsorb the negatively charged MO via
electrostatic attractions.

Methylene blue chloride

J— _%- —

Copper ion Adsorption o o

Fig. 3 (A) Schematic illustration for the resin containing zwitterionic aminomethyl phosphonate ligands and hydrophobic pendants,** Copyright
2017, Reproduced with permission from Elsevier Ltd and (B) preparation of PEI onto cellulose nanofibrils in order to remove Cu®* and MO from
wastewater through electrostatic forces,*? Copyright 2019, Reproduced with permission from Elsevier Ltd.
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The pH-responsive polymers and copolymers show change
in their structure, volume, chain conformation, solubility, and
configuration in response to pH variations. The pH-responsive
polymers have drawn more attention among the other stimuli-
responsive polymers for purification purposes. Reviewing the
recent studies on pH-responsive polymers shows that these
polymers have high sorbent efficiencies in the form of hydro-
gels among all the other forms of polymers. Hydrogels,
through a change in their functional groups, develop a high
binding affinity for various ions and dyes in water. Their sig-
nificant inherent ability to imbibe a massive volume of water
qualifies them to be used as a regenerative smart material in
wastewater treatment. Biopolymers such as chitosan are also
an important category of pH-responsive polymers in waste-
water treatment application.

2.2. COy-responsive polymers

Although a great number of studies on the adsorption process
via responsive polymers is done on the pH-responsive poly-
mers, CO,-responsive polymers have also attracted increasing
attention due to their unique advantages, such as being
benign, inexpensive, eco-friendly, biocompatible, and less-
toxic.””"*° CO, induces either negative or positive charges on
the polymer chains containing special functional groups.
Similar to the acids and bases which were triggers of pH-
responsive polymers, CO, works as an external trigger in a
polymeric solution while showing distinct advantages like
safety and no salt accumulation. CO,-responsive groups are
divided into three types of those switch from neutral to cat-
ionic, neutral to anionic, and neutral to carbamate salts,
which are briefly described in the following.

Upon insertion of CO, in aqueous media, guanidines, ami-
dines, and amines form unstable carbonic acid and switch
from neutral to cationic species. The cationic form of polymer
chains in the presence of CO, is suitable for adsorbing nega-
tive ions or dyes from the aqueous solution. Furthermore, the
easy process of CO, removal from the system by purging an
inert gas such as N, helps the regeneration of the polymeric
adsorbent. The comparison of CO,-responsivity of these func-
tional groups centers on comparing their basicity, which can
be calculated from the dissociation constant (pK,y) of the
corresponding conjugate acid. Amines with the lowest pK,i
are the weakest bases among these functional groups.
Although the guanidines and amidines switch to bicarbonate
salts more quickly than amines due to their higher pK,y,
higher basicity leads to the problematic and slower reverse
process.”®" Another obstacle for using guanidines and ami-
dines in the CO,-responsive polymers could be attributed to
the complex synthesis routes and the risk of decomposition of
these materials through the hydrolysis process.'*?
Consequently, PDMAEMA, poly(dimethylaminoethyl methacry-
late), and poly(dimethylaminopropyl methacrylamide as ter-
tiary amine-containing polymers are the most commonly syn-
thesized CO,-responsive polymers. Protonation of polymer
chains is required for the adsorption process of anions and
dyes from wastewater. Easy deprotonation of the protonated
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chains is also needed for the regeneration of the adsorbent,
which is the main advantage of CO,-responsive tertiary amine-
containing polymers. Wide applications of the CO,-responsive
polymers originates from their commercial availability and
inexpensiveness. CO,-responsive polymers such as PDMAEMA
can reversibly be protonated and deprotonated in the presence
of water by purging and removal of CO,, which leads to the
adsorption and desorption of cationic dyes and pollutants
from the water in the wastewater treatment processes.

The guanidines, amidines, and amines which contain an
N-H bond without a bulky group switch to carbonate salts
instead of bicarbonate salts in the presence of CO,."** The first
report on the application of CO,-responsive polymers for ion
removal was reported by Kim and coworkers.*® The syn-
thesized water-soluble polyaspartamide copolymer containing
histamine pendants and hydroxyethyl pendant functional
groups (PHEA-HIS) was crosslinked by hexamethylene diisocya-
nate to prepare a hydrogel. The imidazole groups of histamine,
which are an example of cyclic amidines with a 5-membered
ring, provide the CO,-responsiveness of the prepared hydrogel.
The hydrogel undergoes reversible switching of CO,/N, which
affects its solubility and swelling behavior. The swelling ratio
and the solubility of the hydrogel decrease to one-third in the
presence of CO,, which could be attributed to the protonation
of the imidazole groups. The protonated adjacent imidazole
units intract together through intra/intermolecular hydrogen
bonding,"* increasing the hydrophobicity of the hydrogel and
lowering the affinity of the hydrogel for aqueous media and
consequently causing shrinkage of the hydrogel. The
PHEA-HIS hydrogel showed a reversibile swelling behavior as
its solubility changed upon CO,/N, purging to the solution.
The PHEA-HIS hydrogel was used for the adsorption of metal
ions, such as Pb®*", Cu®', and Ni*', from aqueous media
through coordination between ions and the hydrogel. The
mechanism of adsorption was similar to the other hydrogels,
which are discussed in this study. Not only electrostatic repul-
sion but also shrinking of the hydrogel in the presence of CO,,
which are the results of the protonation of imidazole units,
could help desorption and recycling of the prepared
adsorbent.

Hu and coworkers'®® synthesized a CO,-responsive octopus-
like polymeric adsorbent to demonstrate an eco-friendly regen-
eration concept. Herein, adsorption of various heavy metals
relies on the chelating of ions by the adsorbent. The octopus-
like polymeric adsorbent was prepared by DMAEMA polymeriz-
ation from the polyhedral oligomeric silsesquioxane (POSS)
core through the electron transfer atom transfer radical
polymerization. POSS-PDMAEMA contains eight arms of
PDMAEMA with a molecular weight of about 118 000 g mol™,
which can get protonated in the presence of CO, in water.
Investigation of the pH effect on the adsorption capacity of
Cu** showed that the optimum pH was recognized to be
around 5.5, at which the hydrolysis of copper is prevented. At
this pH, the chance of the protonation of the amino pendant
groups increases which prevents coordination at lower pH
values. The Cu** adsorption capacity of POSS-PDMAEMA is
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found to be about 145.1 mg g~ '; it is higher than those of the
linear PDMAEMA with a similar arm length. The resulting
adsorption capacity was even close to highly porous composite
and nanoparticle adsorbents.’*® Multiple intra-molecular
coordination bonds between ions and the adsorbent led to a
higher adsorption capacity than their linear counterparts. The
latter ones have higher chain rigidity and show more electro-
static repulsion, compared with the multi-arm structure,
which result in inter- and intra-chain coordination hindrance
and consequently lower adsorption capacity. The CO,-respon-
sivity of the prepared adsorbent could address the perennial
adsorption problems, such as adsorbent recycling, generation
of waste sludge, and secondary pollution in wastewater treat-
ment. In this work, heavy metal ions can be adsorbed onto the
adsorbent through the chelating mechanism. After the separ-
ation of the purified water, the used adsorbent should be
recycled for repetitive usage. Thus, CO, gas purging is carried
out to protonate the amine groups of PDMAEMA arms and
consequently desorption of heavy metals through the elec-
tronic repulsion mechanism. Finally, the N,/air entrance
deprotonates the protonated PDMAEMA chains for another
treatment process. The close loop shown in Fig. 4(A) demon-
strates the CO,-assisted liquid-phase polymer-based retention.
Our group also took advantage of the CO,-responsivity of
PDMAEMA not only in the recycling process of adsorbents like
Hu’s work, but also for the removal of negative ions such as
nitrate from an aqueous solution.”>*®% We were the first
group who synthesized CO,-switchable adsorbents based on
the electrostatic attraction and repulsion for adsorption and
desorption of ions, respectively. Dual CO,- and light-responsive
CNC-grafted and free block copolymers of DMAEMA and cou-
marin have been prepared through RAFT polymerization and
atom transfer radical polymerization (ATRP). These CNC-
grafted and free block copolymers were used for CO,-switch-
able adsorption/desorption of nitrate ions from aqueous
solution.>”"** The induced positive charges on the PDMAEMA
chains have potential for the adsorption of negatively charged
nitrate ions through electrostatic attraction. The light-respon-
sivity of the coumarin-containing block resulted in bond for-
mation through cycloaddition reactions and consequently
crosslinking of polymer chains exposed to UV light (1 >
350 nm). The crosslinking process led to the convenient regen-
eration of the prepared adsorbent. As shown in Fig. 4(B), after
the adsorption process and separation of pure water, two steps
are needed for the regeneration of the adsorbent: purging the
N, gas to the adsorbent system for neutralization of the
PDMAEMA block and releasing the adsorbed ions and then
de-crosslinking of the adsorbent by photo-induced cleavage of
the cyclobutane bridges (<250 nm). A CO,-responsive cellulose
nanofibril aerogel was successfully prepared from PDMAEMA
and carboxylated cellulose nanofibrils via a stepwise cation-
induced gelation and freeze drying method (Fig. 4(C))."** This
aerogel exhibited CO,-responsive adsorption of anionic dyes
from water with a high adsorption rate and capacity and also
outstanding recyclability even after twenty cycles. The
maximum adsorption capacities of this aerogel towards MB,
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naphthol green B (NGB), and MO were 598.8, 621.1 and
892.9 mg g, respectively. A CO,-responsive cotton derived
from  poly(4-acryloyloxybenzophenone-co-2-(dimethylamino)
ethyl methacrylate) and cotton was prepared using a dip-
coating method (Fig. 4(D)), which showed selective adsorption
toward anionic dyes with a high adsorption capacity and rate
and also maximum adsorption capacities of 1785.71, 1108.65,
and 1315.79 mg g ' for MO, MB, and NGB, respectively.*’
Carboxylic acids and phenols are in anionic form in the
absence of CO, in an aqueous solution. CO, purging into an
aqueous solution decreases the pH value. By decreasing the
pH to below the pK, of either carboxylic acids or phenol-con-
taining polymer chains, most functional groups in the form of
anionic species become neutral in the aqueous solution. The
polymers with these functional groups could be used as CO,-
switchable adsorbents of cationic dyes or pollutants from
wastewater. Fan et al. synthesized a CO,-responsive chitosan
aerogel which is a highly efficient and environmentally friendly
adsorbent for the adsorption and recovery of Cu®>* metal
ions,’® as shown in Fig. 4(E). The aerogel adsorbent was syn-
thesized from CO,-responsive poly(acrylic acid-2-(dimethyl-
amino)ethyl methacrylate) and chitosan by physicochemical
double crosslinking. After the adsorption of Cu** by the CO,-
responsive chitosan aerogel, Cu®*" could be desorbed by CO,
bubbling.

Reviewing the CO,-responsive polymers, it is understand-
able that these polymers have extraordinary properties. They
are benign, inexpensive, environmentally friendly, and non-
toxic triggers, and provide a great opportunity for water treat-
ment. Moreover, CO,-responsive polymers have found many
new areas of interest in polymer syntheses like RAFT and ATRP
methods. CO,-responsive polymers are rapidly developed as a
promising strategy for treating water with high efficiency. The
main advantage of CO,-responsive polymers in water treatment
is their easy way of regeneration with the insertion of an inert
gas into the aqueous media, which could repeatedly be used
without any side effects.

2.3. Temperature-responsive polymers

Temperature-responsive polymers can be introduced to a
surface to trap either heavy metal ions or dyes using a lower
critical solution temperature (LCST) concept (Fig. 5(A))."*”
Temperature-responsive polymers are in the form of
chains,*®1%% gels,'*® hydrogels,”>*'*! and microgels.>”'*?
Hydrogels can be broken or swollen by applying an external
stimulus and are being used in wastewater treatment more
than the other systems. Chu and coworkers® reported a new
polymeric lead(un) adsorbent via incorporation of benzo-18-
crown-6-acrylamide (BCAm) as a metal ion receptor into the
temperature-responsive PNIPAAm hydrogel. Herein, the
removal of Pb*>" was investigated using the P(NIPAAm-co-
BCAm) hydrogel. Changing the temperature up and down the
LCST causes the adsorption and desorption of Pb**, by a
mechanism shown in Fig. 5(B). The hydrogel network is
stretched and adsorbs Pb** at temperatures lower than the
LCST; however, it shrinks and causes a reduction in the
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Fig. 5 (A) Schematic illustration for temperature-responsive polymers
exceeding their LCST and (B) temperature-responsivity of the P(NIPAM-
co-BCAm) hydrogel above the LCST which allows the hydrogel to
release the adsorbed ions.>®> Copyright 2009, Reproduced with per-
mission from Elsevier Ltd.

adsorption capacity at temperatures above the LCST. The LCST
of the P(NIPAM-co-BCAm) hydrogel shifted to higher tempera-
tures in Pb** solution due to metal ion complexation.
Hydrogels were synthesized by incorporating acrylic acid as
a copper ion absorbent into the temperature-responsive
PNIPAAm structure.’® This work showed that the volume
phase transition temperature (VPTT) of the hydrogels varied
from 32 to 27 °C after the adsorption of Cu®>*. The tempera-
ture-responsivity of PNIPAAm-co-AA after the adsorption of
Cu”" decreased due to the interference of Cu®" in the intra-par-
ticle hydrogen bonding. Serpe and coworkers®” investigated
the removal of organic azo dye molecules (Orange II) by prepa-
ration of PNIPAAm and PNIPAAm-co-AAc microgels. They
reported an enhanced removal efficiency by increasing the
amount of PNIPAAm-co-AAc microgels. Higher amounts of
Orange II were adsorbed by rehydration of the microgels, and
more Orange II got rid of the solution at high temperatures. In
order to detect and remove Pb*' ions, Chu and coworkers®®
reported a gating membrane with poly(N-isopropylacrylamide-
co-acryloylamidobenzo-18-crown-6) (poly(NIPAAmM-co-AAB;5Cq))

5952 | Polym. Chem., 2022, 13, 5940-5964

View Article Online

Polymer Chemistry

copolymer chains as functional gates. The PNIPAAm chains
show swelling/shrinking behavior and effective removal of Pb**
ions upon temperature change. After an equal complexation
state, increasing the temperature up to the polymer’s LCST
causes decomplexation of Pb>* ions from the copolymer. The
grafting yield of the poly(NIPAAm-co-AAB,3Cs)-grafted mem-
brane plays an important role in achieving efficient adsorption
of Pb*" ions. The LCST shifts to a higher temperature during
the Pb>" adsorption analysis, compared to the clean water.
This is due to the repulsion between the positively charged
complex groups. The more grafting density caused the higher
amount of the captured Pb®". The gating membranes were
regenerated by variation of the operating temperature to a high
value of 45 °C. Tan and coworkers'*® reported the synthesis of
temperature-responsive poly(NIPAAm-co-AA) crosslinked with
carboxymethyl cellulose through free radical polymerization to
remove U(vi) from aqueous solutions. In recent decades, biopo-
lymers are also synthesized with the aim of removing heavy-
ion metals and dyes. Tunable biopolymers based on elastin-
like polypeptides (ELP) were useful in this field, which rep-
resent a “green” technology for environmental issues.'*®'*°
Temperature-responsive polymers always play a crucial role in
most wastewater treatment applications. They show remark-
able efficiency in wastewater treatment without any by-pro-
ducts during the treatment process.

2.4. Light-responsive polymers

Light-responsive polymers are an important category of smart
polymers, which are prepared from incorporation of light-
responsive chemicals into a polymer matrix.>">>*41¢ They
possess numerous advantages as the triggering stimulus of
light includes easy and precise control of on/off switching, uti-
lizes the non-contact application, and have the ability to tune
its dosage to change the response strength."*” Therefore, light-
responsive polymers can be considered in many studies as
efficient adsorbents in wastewater treatment. A light-respon-
sive TiO,/Ag;PO, nanocomposite immobilized in a spherical
polymeric matrix consisting of polysulfone and alginate was
recently prepared for the adsorption of different wastewater
pollutants like MB, and two emerging pharmaceutical con-
taminants with significant results.’*® Recent studies on heavy
metal ion and dye adsorption from wastewater taking advan-
tage of the light-responsivity of polymers are reviewed in the
following.

Spiropyrans, spirooxazines, oxazines, oxazolidines, azo-
benzene, boron-dipyrromethene (BODIPY), and other com-
pounds have been widely investigated for the preparation of
light-responsive polymers due to their unique features.
Spiropyrans are a major group of photochromic materials,
which show reversible structural conversion upon the
irradiation of ultraviolet light, which results in the formation
of an extended conjugated open form of merocyanine
(MC). 141497151 1tg adsorption mechanism is based on the
negatively charged phenolic oxygen atom in the MC form of a
spiropyran which could bind to a metal center. For instance, a
methacrylate-based spiropyran-containing copolymer was syn-
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thesized by Locklin and coworkers® to adsorb multiple metal
ions. Spin-coated thin methacrylate-based spiropyran-contain-
ing copolymers were prepared to investigate the spiropyran’s
detection behavior. The multiple metal ions’ adsorption pro-
cesses were evaluated through the MC structure changes due
to the hybrid resonance between the two forms of the charged
zwitterionic and neutral quinoid. Herein, metal ions are con-
nected to the MC structure via a negatively charged phenolate
group of the zwitterionic state (Fig. 6(A)). The results of this
study showed that it is possible to design sensors using spiro-
pyran derivatives to identify other metal ions. Photochromic
spiropyran-doped silk fibroin poly(ethylene oxide) (PEO) nano-
fibers have recently been prepared.’” In this work, by irradiat-
ing the reversible photoconverting spiropyran alternately with
UV and visible lights, the polar MC counterpart was formed.
Interactions of the MC molecules with heavy metal ions facili-
tated the adsorption process. To evaluate the ability of MC
phenolate to interact with positively charged species, the
response of silk fibroin (SF)/PEO/SP nanofibers to adsorb
heavy metal ions (Zn**, Hg?*, Pb**, and Cu**) was investigated.
Adsorption of Zn*" is conducted due to its strong interactions
with the SF/PEO matrix. Cu”**, Hg>", and Pb>* showed similar
adsorption capacities ranging from 0.012 to 0.40 mmol g,
whereas the adsorption of Zn>* was 50% lower than the other
ions. A photochromic poly(vinyl alcohol) sponge was prepared
from spiropyran and poly(vinyl alcohol) sponge using Steglich
esterification®® (Fig. 6(C)). The adsorption capacity of the
sponge in the light-induced removal of Pb>* from aqueous
solution was 5.78 mg g~'. In addition, regeneration of the
sponge to repel Pb>" was carried out by rinsing it with water
under visible light irradiation, which was accompanied by a
significant change in the color in the whole process. The
adsorption capacity of the sponge can remain over 85% after
ten cycles. The selective fluorometric detection of cyanide
anions (CN™) in water at room temperature through a poly(N-
isopropylacrylamide-co-chitosan) system has also been investi-
gated." Fig. 6(B) illustrates the structural change of poly(N-
isopropylacrylamide-co-chitosan) during the fluorometric CN™
sensing, recovery, and regeneration sequence. The CN™ deter-
mination in total water in the range of 0.5-50 pM has been
accomplished in this study. The adsorption mechanism
behind the study is the fact that the prepared polymer is
simply recovered by heating the solution followed by centrifu-
gation. The CN™ removal from the recovered polymer has also
been carried out by simple acid treatment. Another study has
investigated spiropyran-containing polymer brushes as photo-
switchable optical sensors, which show selectivity for
various metal ions and drastic changes in surface wettabil-
ity.">® A spiropyran monomer was copolymerized with MMA
from glass substrates using a surface-grafted ATRP initiator.
Complexation of the MC form with different metal ions
resulted in a metal ion dependent decrease in absorbance and
a significant blue shift in the absorbance maxima. The
polymer-coated glass substrates showed metal ion selectivity
which is observable with the naked eye. With a similar struc-
ture to spiropyran, oxazolidine molecules have also been used
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in ion detection and removal from aqueous solutions.'>**%¢
He and coworkers reported methacrylic acid (MAA) copolymer-
ization with a fluorescent BODIPY monomer via RAFT
polymerization, and used the product in the sensitive and
selective recognition of Fe**.>* They reported a detection limit
of 1.2 pM even with a BODIPY content of 0.5%, which provides
a method to develop water soluble high performance polymer
sensors.

Briefly, light-responsive free polymers, nanoparticles, nano-
fibers, and membranes are used for the removal of contami-
nants from water. In these polymeric products, adsorption of
ions may cause variations in the fluorescence intensity or
wavelength, UV absorbance intensity or wavelength, and states
of emission or coloration by ion or dye adsorption.
Supramolecular light-responsive polymer structures could also
be applicable in ion removal systems. Ion-removal in such
polymers could be accompanied by fluorescence or photochro-
mism quenching or intensification or even resonance energy
transfer in fluorescence emission or photochromism. Such
mechanisms are also applicable in chemosensors, smart inks,
and bioimaging in addition to water treatment applications.
The most interesting feature of these systems is their color-
ation upon ion-adsorption, which could be a signal for reco-
gnition of a specific ion or dye. Such ion indicators could also
work on the basis of fluorometric evaluations in addition to
the calorimetric investigations. In most of the cases, visible
light irradiation is a common source in the regeneration
process. High selectivity, efficiency, and repeatability could be
achieved in ion or dye removal from aqueous systems by this
category of smart polymers.

2.5. Other responsive polymers

Purification of wastewater includes a series of chemical pro-
cesses that can be conducted via other responsive polymers to
eliminate pollutants.’®”'*® Population explosion and the
expansion of urban areas increased adverse impacts on water
resources, which necessitates other responsive polymers to be
involved in the treatment of wastewater streams. Other respon-
sive polymeric systems for decontamination of wastewater
include magnetic-responsive composites,’>¢%1>7:1397165  ga]¢.
polymers,*® and potential-responsive
polymers. In this regard, Sahiner and coworkers'®® pre-
pared a 2-acrylamide-2-methyl-1-AMPS hydrogel containing
magnetic iron particles as a magnetic-responsive composite,
and used it for the removal of toxic metal ions, such as Cd(u),
Co(u), Fe(u), Pb(u), Ni(u), Cu(u), and Cr(m) from wastewater.
Fig. 7 schematically illustrates the magnetic-responsive particle
and its application for metal ion removal. Herein, ionization
and polar interactions are due to -SO;H and -CONH, groups,
which are also responsible for the swelling behavior of the
hydrogel. Interactions between the hydrogel and metal ions
originate from ion-ion and dipole-ion pairs. The adsorption
capacity of the system depends on the extent of the magnetic
responsiveness of metal nanoparticles which inte