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Abstract

:

The continuous and irresponsible addition of environmental pollutants into aqueous reservoirs due to excessive industrialization is a significant contemporary challenge. Nanomaterial-based catalytic reduction provides an effective way to convert these materials into environmentally useful products. Responsive polymeric assemblies, complemented with nanomaterials, represent advanced nanocatalysts that are gaining interest within the scientific community. These assemblies exhibit reversible morphological transitions in response to variations induced by external factors such as temperature, pH, or electromagnetic irradiation treatment. The term hybrid microgels has been coined for assemblies that contain both nanomaterial and smart polymeric components. This review presents recent advancements in the field of hybrid microgels as nanocatalysts for conducting reduction reactions on pollutants present in aqueous media. Apart from placing detailed emphasis on the advancements documented for these assemblies, the fundamentals associated with hybrid microgels, as well as the typical catalytic reduction, are also emphasized to develop an understanding for new academicians looking to explore this field. The author hopes that this critical review of the most recent academic literature, including the years spanning 2020 to 2023, will serve as a tutorial for the identification of research gaps in this field, along with its prospective solutions.
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1. Introduction


Responsive microgels are recently developed complex assemblies that are capable of exhibiting the peculiar property of swelling/shrinkage when developed in an appropriate solvent [1]. These colloidal materials exhibit varying morphological characteristics as a response to the variation in external incentives associated with the reaction medium, including pH, temperature, radiation exposure, ionic strength, etc. This peculiar property makes microgels an attractive material for the fabrication of exclusive assemblies capable of modulating their own morphology or hydrodynamics with respect to the applied conditions for the applications of catalysis, photocatalysis, the biomedical field, photonics, and environmental sciences [2]. Among the variety of polymeric assemblies, the synthetic polymer poly(N-isopropyl acrylamide) (PNIPAM) is the most renowned smart polymer utilized for the fabrication of smart microgels. The extensive usage of PNIPAM is ascribed to the fact that PNIPAM exhibits a swelling/shrinkage property at the specific temperature of 32 °C, which is quite close to human physiological temperature, making PNIPAM an appropriate material for biomedical applications [1]. This temperature, at which the assembly undergoes transition, i.e., from the swelled to deswelled state or deswelled to swelled state, is regarded as the volume phase transition temperature (VPTT), and, in terms of the application, VPTT is the most significant parameter for the modulation of the morphology of the assembly. VPTT is influenced by several factors, but the composition and nature of the polymer utilized are the two most crucial factors that need to be considered for the fabrication of microgels [3].



As indicated in the above paragraph, VPTT is directly affiliated with the composition of microgels. Therefore, several responsive characteristics or variations in VPTT values are imparted to microgels by changing the composition of the assembly. The generation of PNIPAM-based copolymerized assembly (COP), where two or more polymers are simultaneously copolymerized in a single medium, is currently the best-documented way to achieve a microgel assembly capable of showing sensitivity towards multiple reaction parameters. For instance, Haleem et al. [4] synthesized homogenous microgels containing 2-acrylamido-2-methylpropane sulfonic acid (AMPSA) as a comonomer alongside PNIPAM as a main polymer and indicated that the utilization of AMPSA imparted pH and temperature sensitivity to the whole assembly. Ali et al. [5] engineered a COP containing methacrylic acid (MAC) as a comonomer and established that the repulsions generated by the negatively carboxylic groups (COO−1) of MAC at the suitable pH were responsible for the swelling properties of the whole assembly. Begum et al. [6] engineered a COP assembly containing acrylamide (AA) as the comonomer via free-radical emulsion polymerization. All these examples establish that the utilization of comonomers in microgels alongside the main monomer is a crucial method for obtaining enhanced characteristics in microgel assembly.



Recently, highly efficient assemblies have been synthesized for surface-dependent applications, such as catalysis, adsorption, and photocatalysis, through the combination of polymer chemistry and nanotechnology. Owing to the extremely small size and exponential surface area of nanomaterials (NMs), NMs have emerged as a copacetic alternative to the conventional catalysts used in water purification or water treatment applications. However, these NMs rapidly undergo aggregation upon synthesis because of the high surface energy values associated with their surface plasmons. Therefore, the presence of a fabrication/stabilization/supporting medium is an essential requirement for the confinement of NMs. Crosslinked polymeric microgels provide a solution to the challenge of stabilizing nanoparticles (NMs) by harnessing the swelling and shrinking properties of these gels. This capability is employed for the in situ fabrication of NMs. Upon synthesis, microgels, because of the sieves formed within them through polymer crosslinking, serve as a medium for producing synthesized NMs. An assembly that contains a combination of NMs stabilized in microgels is termed a “hybrid microgel” (HMG) assembly. The term “hybrid” was coined based on the observation that this complex assembly exhibits characteristics associated with both nanomaterials (NMs) and polymeric gels within a single unit.



The incorporation of NMs into microgels has significantly enhanced the utility of these complex assemblies as catalysts for various reactions related to water pollution. The relentless and excessive release of pollutants into natural aqueous reservoirs stands as one of the foremost scientific concerns in today’s industrialized world. The industrial boom witnessed worldwide in the 21st century has markedly increased the influx of pollutants into these reservoirs. Utilizing the catalytic reduction reactions (CRRs) as a removal methodology is considered advantageous in comparison to other removal methodologies (including adsorption, photocatalysis, advanced oxidation processes, and membrane filtration, etc.) as it does not suffer from the various drawbacks associated with these conventional methods. The adsorption process requires additional recovery setups for the acquisition of adsorbed pollutants. Photocatalysis and advanced oxidation processes are time-consuming and ineffective, as complete degradation is not achieved in many cases. Moreover, the advanced oxidation process requires strong oxidizing agents, which are mostly toxic. The membrane filtration process is effective, but the breakage of the membrane during filtration is a typical problem that is observed mostly in these assemblies. The catalytic reduction reaction (CRR) utilizes the reducing agents and converts the potent group of aromatic pollutants into less potent synthetically useful products. The economical, rapid, and complete conversion of the substrate are the few advantages associated with this methodology, which make this methodology significant in comparison to other routes. HMGs are largely utilized to carry out the reduction reactions of the pollutants as catalysts.



This tutorial review summarizes recent advancements in HMGs for CRRs of pollutants. The first section provides a brief description of HMGs and introduces the reader to the significant terminologies used in this research domain. The second section focuses on the fundamentals of HMGs and details the basics and properties affiliated with each component of HMGs (polymeric material and NMs) to develop a deeper understanding of the functioning of HMGs. The third section focuses on the numerous fundamentals of CRRs and explains the variety of pollutants, progression detection, kinetics, and thermodynamics of the underlying reactions performed via the use of HMGs as catalysts. A literature survey associated with the utilization of HMGs for CRRs of pollutants is presented in the fourth section. For classification, two different reference points (i.e., the morphology of HMGs and the nature of the NMs used in HMGs) were used. The future perspective and conclusions are presented in the last section. This review is developed by utilizing the recent literature from the years 2020 to 2023 and will serve as a guide for readers considering the exploration of HMGs for numerous applications.




2. Fundamentals of HMGs for CRRs


CRRs utilize mild reducing agents for the reduction of pollutants in the presence of HMGs. This reaction was found to be thermodynamically favorable, but the kinetics do not favor this reaction in the absence of catalysts. Consequently, HMGs are utilized to overcome this kinetic barrier. The fundamentals associated with HMGs in terms of synthesis, characterization, and properties are discussed in this section.



2.1. Synthesis of Hybrid Microgels


2.1.1. Synthesis of Microgels in HMGs


The typical synthesis of PNIPAM microgels involves the utilization of free-radical emulsion polymerization (FEPol). The FEPol route is utilized because PNIPAM is a soluble monomer, and only those routes are used that deal with the soluble polymers. The identified components associated with FEPol have been found to be free-radical initiator, monomer, crosslinker, and surfactant (optional) compounds. In a conventional route, the monomer (N-isopropyl acrylamide; NIPAM) is first homogenized using constant magnetic stirring followed by heating to a temperature of 70 °C. The temperature of 70 °C is responsible for the lysis of ammonium persulfate (initiator), which generates the free radicals in the medium. To avoid any side reaction of these initiators with atmospheric oxygen molecules, this reaction is carried out under nitrogen-purging conditions (for inertness). The radicals interact with the monomers as well as crosslinkers to generate polymeric chains. The onset of polymerization is marked by the observation of turbid gel dispersion in the medium. With the further progression of the polymerization reaction, the extent of turbidity increases, as PNIPAM is an insoluble polymer. The acquired crosslinked microgels are then purified via dialysis to acquire pure PNIPAM gels. The use of a free-radical initiator in this route makes this type of polymerization the most frequent type of polymerization used for the fabrication of PNIPAM gels. This technique is effective, easy, and time-efficient. The presence of a surfactant provides effective control over the manipulation of the size of microgels. However, a surfactant-free route might also be used for this purpose. The reports documented by Haleem et al. [4], Din et al. [7], Zahid et al. [8], and Farooqi et al. [9] use this peculiar methodology for the fabrication of PNIPAM-based HMGs using FEPol methodology.



To enhance the scope of the applicability potential of the microgels, certain functional moieties are introduced into pure microgels as comonomers. For instance, Moon and Kim [10] utilized AA as a functional moiety alongside the PNIPAM polymer and identified hydrogen bonding between the acrylamide group of AA and water molecules to be responsible for swelling purposes. With the increment in temperature, water (present as a dispersed phase in microgels) content is decreased, and hydrogen bonding interactions are reduced, leading to stronger polymer–polymer hydrophobic interactions in the medium. Consequently, the microgels change from their linear phase to globule phase and are termed as being in a “deswelled” state of microgels. Rahimkhoei et al. [11] identified the comonomer of itaconic acid (IA) as the main moiety responsible for the swelling of the microgels. The authors further supplemented the assembly with polyhedral oligomeric silsesquioxane (POSS) to improve the compactness of the assembly, and fabricated silver (Ag) nanoparticles (NPs) for the development of HMGs. Agnihotri and Dan [12] developed gold (Au) NP-based HMGs and identified the MAC moiety as the main functional moiety responsible for the phase transitions of gels. In all the abovementioned cases, FEPol was utilized to develop these COP assemblies. The only difference in the synthesis is the addition of a comonomer alongside the monomer in the reaction medium. Still, it should be noted that the concentration of the added comonomer is kept greatly less in comparison to the concentration of PNIPAM in the medium. Owing to this fact, the main polymeric chains formed in microgels are of PNIPAM, and the added comonomer acts as a hanging or pendant group on the main chains. These pendant groups, in turn, can develop an interaction with the water phase (in hydrogels) and impart morphological changes into the whole assembly. The synthesis of pure PNIPAM microgels and COP microgels via FEPol is presented in Figure 1.




2.1.2. Synthesis of NMs in HMGs


Metal NPs, including Ag, Au, Pt, Pd, etc., are synthesized by the reduction reaction of metal ions in the presence of reductant NaBH4. The typical synthetic route of metal NPs via the utilization of a reductant can be divided into the following steps:




	
Upon the dissolution of the precursor salt (  M X  ) in an aqueous medium, the salt is dissociated into ions (Equation (1)).



	
These metal ions are then reduced (the species is capable of giving electrons to the interacting molecule) into zero-valent metal atoms (    M   o    ) (Equation (2)).



	
Almost 30 metal atoms combine to give NMs.



	
In the absence of any stabilization medium, the NMs undergo aggregation due to higher surface energy values.



	
The presence of the stabilization medium/surfactant confines the fabricated materials in the nano range (Equation (3)).
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Most of the NMs stabilized in HMGs follow the reduction methodology presented in Figure 2. Apart from metal NMs, metal oxide NMs can also be utilized as CRRs of pollutants. In these cases, oxidants such as sodium hydroxide (NaOH) are utilized to carry out the oxidation (addition of an oxygen atom) of metal ions to achieve metal oxide NMs. The presence of a stabilization medium is crucial for keeping the fabricated metal oxide in the nano range as well. It should be mentioned that, in the case of metal oxide NMs, the process of photocatalysis is preferred rather than the reduction process. This preference is attributed to the fact that these metal oxides exhibit copacetic light-absorption capabilities, appropriate band-gap values, and charge-transduction/transport characteristics necessary for performing photocatalysis. However, a few academic reports documenting the usage of metal oxide NMs as catalysts for performing the CRRs of the pollutants exist. Din et al. [7] engineered CuO NPs fabricated inside COP microgels and utilized the engineered assembly for the CRR of methylene blue (MB). The authors identified the reaction to operate via pseudo-first-order (PFO) kinetics and the significant parameters of the apparent rate constant (    k   a p p    ) and reaction time were documented for this reaction. Naz et al. [14] documented the engineering of manganese (Mn)-doped tin oxide NPs and employed it to perform the CRR of the pollutants.




2.1.3. Synthesis of Microgels in HMGs


The literature survey of the recent studies reveals that two different approaches can be implemented for the fabrication of HMGs.



In Situ Generation of NMs within Microgels


The utilization of microgels as a microreactor for the in situ fabrication of NMs is the most common way to achieve the fabrication of HMGs. The frequent usage of this methodology is employed owing to its easy nature. First, the synthesized microgels are homogenized and swelled by utilizing the factors of pH or dilution (addition of water content), followed by the addition of the reductant and the salt in these homogenized assemblies. The fabrication of the metal/metal oxide NMs inside the sieves of the microgels is largely achieved by carrying out the in situ reduction/oxidation of precursor salts. The electrostatic interactions between the pendant groups (of microgels) and the metal ions facilitate the spontaneous diffusion of metal ions into microgels. Given the small sizes of the meshes in the microgels, only a small fraction of ions are diffused into the mesh of the gels. Upon addition of the reductant (mostly NaBH4)/oxidant (mostly NaOH), these ions are either reduced or oxidized into metal or metal oxide NMs, respectively. The presence of the surfactant, as well as the small mesh size of the microgels, confines the synthesized materials to the nanorange. Consequently, this methodology serves the dual purpose of not only acting as a microreactor for the NMs synthesis but also facilitating the stabilization of the synthesized NMs via the polymeric mesh of the gels. Du et al. [16] fabricated platinum (Pt), Au, and palladium (Pd) NPs within the sieves of pure PNIPAM microgels via in situ reduction processes and implemented the synthesized nanocatalyst for the reduction of 4-nitroaniline (4NA), nitrobenzene (NB), and 4-nitrophenol (4NP). Hussain et al. [17] fabricated Ag NPs via a similar process in the core@shell microgels and also utilized the assembly for the CRR of 4NP. The typical in situ reduction methodology associated with the homogenous HMGs is presented in Figure 2.



Another thing to note is the morphology of the HMGs. If the HMGs are homogenous, i.e., the crosslinking density of the microgels as well as the NMs fabricated inside is the same, then the morphology of the HMGs is termed homogenous. This methodology of in situ reduction of salts for the generation of NMs is preferred over other methods for the synthesis of HMGs. Egemole et al. [18] synthesized Au NPs inside PNIPAM microgels via the in situ reduction methodology and utilized it as a catalyst for performing numerous reactions. Interestingly, the authors indicated that the amount of the crosslinker added during the emulsion polymerization of PNIPAM was found to be a significant contributing factor modulating catalytic efficacy. The decreased crosslinker values generated loosely bound PNIPAM microgels, and consequently, Au NPs of extremely small size were fabricated inside these meshes. These NPs exhibited enhanced turnover frequency (TOF) values, as the pollutants introduced into the medium of HMGs containing lower crosslinking density faced decreased diffusional barrier, and NPs were assessable to the incoming pollutant particles for removal. Jang et al. [19] investigated another factor associated with the in situ reduction-based synthesis of HMGs and utilized a variety of mild reducing agents for the synthesis of Au NPs in PNIPAM microgels. The authors modulated the size and morphology of Au NPs by systematic variation in the dose ratio of Au ions to reducing agents. No significant effect on the catalytic efficacy of synthesized HMGs was documented, but the morphology of Au NPs was strongly influenced by the reducing agent used for carrying out the reduction of the Au ions. An interesting study was documented by Issasi et al. [20], where the process of electrical discharge was utilized to synthesize PNIPAM-Ag NP HMGs in a single step. The initiator, monomer, and precursor salt were added to the reaction pot, and the polymerization reaction, as well as the reduction reaction, was carried out using the extreme heat generated by the electrical discharge, leading to the formation of HMGs. This process is novel, and the authors claim to be the first to document this methodology.



In some cases, core@shell microgels were first synthesized using the combination of emulsion polymerization and seeded-based emulsion polymerization. Emulsion polymerization was used to develop the PS core while the PNIPAM-acrylic acid (AAc) shell was incorporated over it using the PS core as a seed, leading to seed-based emulsion polymerization. These PS@PNIPAM-AAc microgels were supplemented with Ag NPs using the in situ reduction methodology. The authors utilized a pH of 8.4 as the main factor for the swelling of the synthesized microgels and established that in the swelled state, the effective fabrication of Ag NPs was successfully achieved. Synthesized HMGs were utilized for performing the CRR of 4NP. The authors further investigated the impact of VPTT on the CRR. The spontaneous nature of the reaction was found to increase with the increment in temperature before and after the transition temperatures. Sabadasch et al. [21] also synthesized core@shell COP microgels via FEPol and introduced Pd NPs inside the sieves of the microgels for the synthesis of HMGs. The HMGs were further used as a nanocatalytic material for the CRR of 4NP. Besold et al. [22] engineered PS@PNIPAM core@shell microgels using the combination of emulsion polymerization (PS core) and seed-mediated emulsion polymerization (for PNIPAM shells) and then synthesized PS@PNIPAM/Ag NPs HMGs using the in situ reduction methodology for the synthesis of Ag NPs. The authors carried out the CRR of the 4NP using the prepared HMGs and performed complete kinetic studies to acquire specific insights to improve the catalytic efficacy of the underlying reaction. The typical in situ reduction methodology associated with heterogeneous core@shell HMGs is presented in Figure 3.




Microgels Grown on Pre-Synthesized NMs Core


Another route adopted for the synthesis of HMGs is to develop smart microgels on pre-synthesized NMs. This route provides a rigid and compact assembly, as the central component of HMGs is the solid NMs rather than the soft microgel assembly. Consequently, these synthesized HMGs are more stable in comparison to the homogenous assembly. The hard core of the HMG assembly can be synthesized by a process of the reduction of precursor salt, co-precipitation reaction, or any other route. The soft, responsive polymeric shell was then developed as a shell using any polymerization technique. However, the range of polymerization techniques used for the development of the shell is quite wide in the case of this type of synthetic route. For instance, the polymerization techniques of reversible-addition chain-fragmentation transfer (RAFT) [24] and selective bond formation techniques [25] have been used alongside FEPol for the development of HMGs. Li et al. [26] synthesized Au NPs using citrate reduction methodology and anchored two successive shells of PNIPAM layers (via FEPol) over these NPs by carrying out a polymerization reaction containing the dispersion of Au NPs in the reaction pot.



Bera et al. [24] developed iron oxide (Fe3O4) NPs via a co-precipitation reaction where two soluble salts (including ferric chloride and ferric sulfate) were simultaneously used in the presence of NaOH to precipitate in the form of Fe3O4 NPs. This methodology is crude but effective at synthesizing NPs that are stable at lower temperatures (80 to 150 °C). The synthesized NPs were further modified by the amine (NH2) group using the process of grafting ((3-Aminopropyl) triethoxysilane; APTES modification). These simple NH2-modified Fe3O4 NPs were then further capped with two block co-polymeric chains synthesized by RAFT polymerization. Usually, the components involved in this type of polymerization include the monomer, solvent, RAFT agent, and radical source. The polymerization reaction is initiated by utilizing free radicals that produce living propagating polymeric chains of the monomers. In the next pre-equilibrium step, the RAFT agent interacts with the propagating polymeric radical to form an adduct (known as a RAFT adduct intermediate) that can either simultaneously go towards the parent side or can undergo decomposition to generate a leaving group alongside the polymeric chain. The leaving radical starts interacting with new monomers and generates new active polymeric chains via the re-initiation process. The most significant part of RAFT polymerization is the establishment of the RAFT equilibrium between the established polymeric chain and the newly formed active polymeric chains. The polymerization opportunities are shared among both chains, leading to the development of a polymeric assembly with a very narrow polydispersity index (PDI). After the formation of sufficient polymeric chains, bi-radical termination is carried out to form dead polymers. The synthesized assembly was utilized as a nanocatalyst for the CRR of nitroarenes.



The development of HMGs presented by Bera et al. [24] is presented in Figure 4. As indicated in Figure 4a, the poly(tert-butyl acrylate) macro-chain transferring agent [p(t-BuA macro-CTA)] was synthesized using S-1-dodecyl-S′-(α,α′-dimethyl-α″-acetic acid) trithiocarbonate (DDMAT) (initiator/chain transferring agent) in the presence of azobis(isobutyronitrile) (AIBN; initiator) and 1,4-dioxane (solvent). Synthesized CTA was further utilized for the formation of two different block co-polymers of poly[(N-isopropylacrylamide)-b-(acrylic acid)] (P1a) and poly[(N-isopropylacrylamide-r-N-vinylpyrrolidone)-b-(acrylic acid)] (P2a) using a similar RAFT methodology to that indicated in Figure 4b. The functionalized magnetic nanoparticles (MNPs) were first synthesized via co-precipitation methodology while using ferric chloride and ferric sulfate as precursor salts in the presence of ammonium hydroxide as the oxidizing agent, as indicated in Figure 4c. The grafting of the polymers over NH2-MNPs was achieved by the development of the covalent amide bond between the NH2 of MNPs and the carboxylic group (COOH/COO−1) using N-ethyl-N′-(3-(dimethylamino)propyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) coupling. This EDC/NHS coupling is a typical example of the selective bond formation technique using covalent bonds between the MNPs and PNIPAM-based block polymeric gels for the development of HMGs, as presented in Figure 4c.



Yin et al. [25] also engineered Ag NPs coated with the hierarchal hollow silica spheres (HHS) with the shell of the PNIPAM shell using the selective development of hydrogen bonding between silica and PNIPAM moieties. The selective development of hydrogen bonding as a means of immobilization of microgels over the hierarchical assembly of SiO2@Ag NPs-SiO2@PNIPAM is presented in Figure 5. The functionalized Ag NPs were coated with a PNIPAM layer via a copolymerization reaction between allyltriethoxysilane (ATES) and the NIPAM monomer, obtaining an Ag-HHSPN nanocatalyst, as indicated in Figure 5a. The preparation of isomorphological as well as ordered Ag-HHSPN structures was documented via scanning electron microscopy (SEM), as indicated in Figure 5b, which was further validated by the transmission electron microscopy (TEM) results. The TEM analysis, as presented in Figure 5c, affirms the PNIPAM shell encapsulation of Ag nanostructures, as observed by the appearance of two rings in the TEM micrographs. High-resolution (HR)-TEM analysis was further utilized to identify the mean size of Ag NPs (0.204 nm), as indicated by Figure 5d. The compositional analysis of the catalyst performed via energy-dispersive X-ray spectrophotometry (EDX) indicated that the sample was extremely pure, as presented in Figure 5e. The scanning-TEM (STEM; Figure 5f) analysis further highlighted the distribution of the elements within the whole assembly with silicon (Si; Figure 5g) and oxygen (O; Figure 5h) rings to be present as the double-layer rings, indicating the proper coating of Ag with SiO2. The nitrogen (N; Figure 5i) ring (present in PNIPAM) also covered the whole assembly, and Ag (Figure 5j) and carbon (C; Figure 5j) rings indicated that Ag NPs were fully encapsulated in the case of the Ag-HHSPN nanocatalyst. The synthesized assembly was utilized as a nanocatalyst for the CRR of nitroarenes.






2.2. Characterization Techniques for HMGs


Several different characterization techniques for investigating numerous functionalities of synthesized HMGs have been documented in the academic literature. The summary and purpose of the implemented technique are summarized in Table 1.




2.3. Properties of HMGs


HMGs are composite materials containing two different components, namely microgels and NMs, available in a single system. Consequently, the properties associated with both these components will also be present in HMGs.



2.3.1. Temperature Responsiveness of HMGs


The N-isopropylacrylamide (NIPAM) constituent of PNIPAM-based HMGs is accountable for the acquisition of the thermosensitivity of HMGs owing to the balancing of polymer–polymer and polymer–solvent interactions. Numerous studies documenting the temperature sensitivity of PNIPAM have been carried out. At lower temperature values, the acrylamide group (with functionalities of C=O and –NH) can interact strongly with water molecules (present as the dispersed phase in gels) via hydrogen bonding. Consequently, the polymer–solvent interactions are regarded as the dominant force under these lower-temperature conditions. Increasing the temperature enhances the kinetic energy of the medium, which disrupts the hydrogen bonds present in the HMGs, and polymer–polymer interaction becomes dominant. The disruption of the interactions leads to the transition from coil form (observed at lower temperatures) to globular form (observed at higher temperatures), and the temperature of this transition is termed the lowest critical solution temperature (LCST). The VPTT and LCST temperature was found to be 32 °C. The general trend observed in the case of PNIPAM-based HMGs is presented in Figure 6, where increasing the temperature reduces the size or hydrodynamic radius of fabricated HMGs. As presented in Figure 6, a sharp change in the hydrodynamic radius was documented at the VPTT value.



The VPTT value is a function of the parameters of the comonomer dose, solvent nature, and the dose of NMs fabricated inside the sieves. Pure PNIPAM microgels have a VPTT value of 33.7 °C, which can be modulated using a variety of factors. Han et al. [32] documented that the VPTT of PNIPAM microgels shifted to 32 °C by the introduction of the hydrophobic azobenzene group into PNIPAM as a comonomer. The addition of the Au NPs further reduced the VPTT to 29.5 °C. Darini and Ghorbanloo [33] functionalized PNIPAM with the comonomer of 2-acrylamido-2-methyl-propane sulfonic acid (AMPSA) and observed that the VPTT of engineered PNIPAM-AMPSA MGs was found to be greater than the general VPTT of the PNIPAM monomer. The authors identified that the hydrophilic moieties result in an increment in the VPTTs (i.e., 42–45 °C in the case of AMPSA), while the hydrophobic moieties result in a decrease in the VPTT values, as previously explained by Han et al. [32]. This discussion affirms that the selection of the proper comonomer is essential for the acquisition of the desired thermo-responsiveness for catalytic application.
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Figure 6. Temperature responsiveness of (a) hydroxyl-functionalized PNIPAM microgels (MG-OH) and (b) thiol-functionalized PNIPAM microgels (MG-SH). The red curves represent the heating process carried out from 10 °C to 55 °C while the blue curve represents the cooling process carried out from 55 °C to 10 °C. The compact and swelled states of the microgels are represented by the smaller and larger balls. At higher temperatures, the MG-OH and MG-SH exhibited collapsed or shrunken morphology, while at lower temperatures, both assemblies exhibited a swollen state with higher hydrodynamic values. The green highlighted region represents the range of the temperature responsible for the morphological transitions of the microgels. Figure adapted with the permission from Ref. [34]—copyright 2023 American Chemical Society. 
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2.3.2. pH Responsiveness of HMGs


The functional moieties introduced into comonomers are also found to be responsible for the pH responsiveness of HMGs. The functional moieties present in the polymeric material become either protonated or deprotonated/charged materials, which ultimately results in the swelling/shrinkage of HMGs. For instance, the functional moieties of AAc or MAC exhibit pH responsiveness by utilizing the protonated (COOH) or deprotonated (COO−1) carboxylic groups of these groups. At lower pH values, the medium becomes acidic (with a high concentration of hydrogen ion [H+]), which results in the protonation of the acid groups (COOH). Consequently, HMGs remain deswelled under these extreme conditions. Under basic conditions, the medium becomes enriched with hydroxyl groups (OH−1). These OH−1 ions extract protons from the COOH group, resulting in the formation of COO−1 groups. These charged pendent groups repel each other, and the size of the mesh increases, resulting in the swelling of the HMGs. This pH responsiveness is an essential tool for the modulation of the catalytic efficacy of the HMGs, where the pH of the medium acts as a switch that activates the catalyst. The pH responsiveness of the HMGs is presented in Figure 7.



The zeta potential values of Au-based HMGs at different pH values are shown in Figure 7a. At lower pH values or acidic conditions, the H+ ions are in excess, keeping the carboxylic groups (from MAC) in their protonated form (COOH), and the negative values of zeta potential were recorded. With an increment in pH, the zeta potential became even more negative, which indicated that, owing to the presence of the OH−1 ions (basic medium), the protons were extracted from the COOH groups, leaving behind the assembly with the ever-increasing negatively charged (COO−1) groups. The presence of the COO−1 groups further facilitated the morphological transitions, as observed in the case of the Au-PNIPAM HMGs studied at pH 4.00 (Figure 7b) and 9.00 (Figure 7c) over a wide range of temperatures. At 20 °C, high hydrodynamic radius values were recorded for HMGs at the pH value of 9.00 in comparison to 4.00, indicating that the COO−1 groups available at the basic condition caused repulsions leading to the assembly comparatively existing in the swollen state (i.e., microgels with larger sieve sizes). At pH 4.00, the COOH group does not have any repulsions, leading to the lower value of the hydrodynamic radius of the assembly under acidic conditions. Moreover, the assemblies at pH 4.00 and pH 9.00 both underwent morphological changes from swollen to deswelled with the increase in temperature, as indicated by the lowering of the assembly radius values with the temperature increase for Figure 7b,c, respectively. This lowering was attributed to the rapid removal of water from hydrogel assembly via the evaporation process with the increase in temperature.




2.3.3. Optical Responsiveness of HMGs


The optical responsiveness of HMGs is imparted into these assemblies, owing to the presence of NMs or NPs. NMs are well-known plasmonic materials, which is their characteristic feature. The electron or surface plasmons of NMs start oscillating in response to the oscillating electric field of the electromagnetic radiations. When the frequency of these oscillations matches, a resonance occurs, which appears as the surface plasmonic resonance (SPR) band in the ultraviolet–visible spectroscopy (UV–VIS) spectrum. This feature is essential in the case of the photocatalytic degradation process of the pollutants [2]. Since photocatalysis is not included in the scope of this review, it will not be discussed in detail here. However, it should be mentioned here that the optical responsiveness of NMs indirectly facilitates the conformational variation of HMGs. The radiation interactions of NMs (as the SPR process) allow NMs to cool down using a vibration-based radiation-less relaxation process. The SPR band is not only a significant factor used for the validation of the successful development of NMs in HMGs, but it also provides essential information regarding the shape and yield of NMs fabricated in the HMGs. The presence of the single band (as presented in Figure 8) affirms the formation of iso-morphological spherical NMs [35]. In the case of Au nanorods (NRs), two SPR bands are observed, which indicates that two types of resonance (longitudinal and transversal) happen in the case of rod-shaped morphology [36]. This resonance process heats the assembly and leads to morphological changes in HMGs indirectly by causing temperature responsiveness. The heating process enhances the process of evaporation, resulting in a lower water content in the hydrogels. This allows polymer–polymer interaction to dominate rather than polymer–solvent interaction, and causes the shrinkage of the overall assembly. The optical responsiveness of HMGs is presented in Figure 8.






3. Fundamentals of CRRs in HMG


The fundamental peculiarities associated with benchmark CRRs are discussed below.



3.1. Main Process and Progress Detection


CRRs, particularly CRRs associated with nitroaromatic compounds and dyes, are regarded as the benchmark reaction for investigating the efficacy of any newly engineered assembly. The reason behind this convention is ascribed to numerous phenomena, most prominently that this reaction being a part of wastewater treatment plants. The other reasons include the fact that dyes or pollutants utilized during these studies are colored, and the reduction of the pollutants can be visually observed as well. Consequently, this makes the study of these reactions quite easy. Moreover, most of these pollutants exhibit a maximum absorption wavelength (    λ   m a x    ) in the UV–VIS region, indicating that the progression of this reaction can also be studied using the simple instrument of UV–VIS. The typical CRRs investigated using the UV–VIS are presented in Figure 9. As per Beer–Lambert law, the absorbance documented in the UV–VIS is directly proportional to the amount of the UV–VIS active pollutant in the medium. Consequently, the absorbance of the pollutant observed at the maximum absorption wavelength of the pollutant is a direct indication of the pollutant dose available in the system. This law not only allows us to study the progress of the CRR but also provides an easy way to calculate the reduction rate using the kinetics equation. The absorbance values associated with the particular pollutant are observed to be highest at the start of the reaction, as there is no reduction/degradation at that time. Upon the addition of the catalyst and reductant into the medium, pollutant concentration starts decreasing in the medium as it starts reducing. Consequently, the absorption intensity of the pollutant also starts decreasing over time, as per Beer–Lambert law. The main process involved in the CRRs of pollutants performed while using HMGs as a catalyst is summarized in the following steps:




	
HMGs are first placed in the swelled state to overcome any possible diffusional barrier that can be observed by the pollutant in reaching the NPs present in the HMGs.



	
The pollutant then becomes physically adsorbed on the surface of the NPs present in the HMGs.



	
The reducing agent either becomes absorbed on the surface of NPs (by the Langmuir–Hinshelwood (LH) mechanism), or remains present in the solution (by the Eley–Rideal (ER) mechanism) during this process.



	
The reductant provides the electron to the pollutant by utilizing the electron transferring/transducing surface of the NPs present in the HMGs, and the pollutant is reduced.



	
The formed reduced product is then desorbed from the surface of the NPs and is diffused out of the HMGs into the solution.









3.2. Kinetics and Thermodynamics


In terms of the kinetic studies, CRRs are regarded as kinetically unfavorable reactions, indicating that the presence of the catalytic surface responsible for the shifting of the electron from the reductant to the pollutant is essential for the occurrence of the reaction. Most conventional CRRs are documented as following pseudo-first-order (PFO) kinetics. The typical reaction associated with pollutant reduction can be summarized as follows:


  R e d u c i n g   a g e n t + P o l l u t a n t  ⇒  N P s   i n   H M G s   a s   a   c a t a l y s t   R e d u c e d   p r o d u c t    



(4)







The pollutant exhibits the UV–VIS absorption band within the range of 200–800 nm, and the absorbance measured at the start of the reaction is labeled as     A   o    . As the absorbance is directly proportional to the concentration of the pollutant, the     A   o     value will be the highest, as the reduction reaction is not carried out at the start. Upon the addition of a reducing agent and HMGs, the reduction reaction of the pollutant will start, and the concentration of the pollutant in the medium will be decreased. Consequently, the absorption intensity with the increase in the reaction time will be reduced as well. This absorption intensity documented at any reaction time (t) is represented as     A   t    . The rate reaction equation will be written as follows:


  l n     A   t       A   o     = l n   C o n c e n t r a t i o n   a t   a n y   t i m e     I n i t i a l   c o n c e n t r a t i o n   = − k t    



(5)




where   k   represents the apparent rate constant of the reaction, which is the main kinetic parameter investigated for any newly synthesized HMG-based nanocatalyst. This parameter serves as the quantitative parameter for comparing the efficacy of the synthesized catalyst. The greater the value of   k  , the better the synthesized catalyst in comparison to the catalysts with lower values of   k  . The rate constant also serves as the bridge to investigate several thermodynamic parameters. For instance, the activation energy (    E   a    ; the minimum amount of energy essential for the reactant molecules to convert into the product) can be investigated using the Arrhenius equation (Equation (6)).


  k = A   e     −   E   a     R T        



(6)




where   A   exhibits the Arrhenius factor (associated with the fraction of excited molecules converting into the product),   R   is the gas constant (8.314 J K−1 mol−1), and   T   exhibits the temperature value of the underlying reaction.   A   and     E   a     can be graphically calculated using the linear form of the Arrhenius equation (Equation (7)).


  l n   k = −       E   a     R         1   T     + l n A    



(7)







Here,       E   a     R     represents the slope of the graph, and   l n A   represents the intercept of the plot developed between   l n k   (x-axis) and     1   T     (y-axis). Both slope and intercept can be utilized to investigate     E   a     and   A  , respectively. Moreover, if the rate constants (    k   1     and     k   2    ) are measured at two different temperature values (    T   1     and     T   2    ), then the     E   a     can be effectively measured by performing just two experiments (Equation (8) in comparison to a series of experiments presented in Equation (7).


  l n     k   1       k   2     =       E   a     R         1     T   2     −   1     T   1        



(8)







Here,       E   a     R     also represents the slope of the graph and     E   a     can be calculated by multiplying the numerical value of the slope with   R  . Other factors, including Gibbs free energy of activation (  ∆   G   #    ), enthalpy of activation (  ∆   H   #    ), and entropy of activation (  ∆   S   #    ) can also be studied using the Eyring equation, as given by Equation (9).


    l n k   T   =     l n   k   B     h     +     ∆   S   #     R     −       ∆ H   #     R         1   T      



(9)






    ∆ G   #   =   ∆ H   #   −   T ∆ S   #      



(10)







Here,   h   represents Plank’s constant (6.626 × 10−34 Js) and     k   B     represents Boltzmann’s constant (1.381 × 10−23 J K−1). These parameters explain the spontaneous or non-spontaneous nature of the underlying chemical reaction. Generally, kinetic analysis is performed in most academic studies documenting the usage of HMGs for CRRs, while thermodynamic studies are rarely performed.




3.3. Mechanism


Two different types of mechanisms, including the LH and ER mechanisms, were documented for HMGs acting as nanocatalysts for reduction reactions. In the case of the LH mechanism, the following steps can be identified for the overall process: (a) the addition of pollutant, reductant, and HMGs in the medium; (b) the diffusion of the reductant and pollutant into the sieves of the microgels; (c) the adsorption of the reductant and pollutant into the NP surface of HMGs; (d) the provision of electrons from the reductant to the NP surface and then transduction of the electrons to the pollutants; (e) the reduction of the pollutant; (f) the desorption of the product and reductant from the NPs in HMGs; and (g) the diffusion of the product and reductant from the sieves of the microgels. Most of the academic studies document the LH type of mechanism for HMGs. It should also be noted that competition occurs between the reductant and the pollutant to be attached to the surface of the NPs present in the HMGs. Therefore, the optimization of the reaction becomes even more essential, and the reductant concentration must be managed such that the active sites associated with the NPs should remain available for the pollutants to become attached. If the pollutant does not reach the surface of NPs, it will not receive the electron from the reductants, and the pollutant will not be reduced.



Apart from the LH mechanism, another mechanism, namely the ER mechanism, is also documented for CRRs using HMGs as the nanocatalysts. The steps involved in the ER mechanism are as follows: (a) the addition of pollutant, reductant, and HMGs in the medium; (b) the diffusion of the reductant and pollutant into the sieves of the microgels; (c) the adsorption of the pollutant on the NPs surface of the HMGs; (d) the provision of electrons from the reductant (present in the solution) to the NPs surface and then transduction of the electrons to the pollutants; (e) the reduction of the pollutant; (f) the desorption of the product from the NPs in HMGs; and (g) the diffusion of the product and reductant out of the sieves of the microgels. The main advantage of this mechanism is that there is no competition between the reductant and pollutant in this case.





4. Literature Survey/Recent Advancements


4.1. Advancements in Terms of Morphology


Modifications introduced into the morphology of synthesized HMGs are the major advancements documented in this research domain, as they directly provide ways to modulate the catalytic efficacy of the underlying reaction. The morphology of HMGs has been developed based on the desired application. Typically, PNIPAM-based HMGs are categorized into two broader types, namely homogenous and heterogeneous, based on morphology.



4.1.1. Homogenous HMGs


Homogenous HMGs are one of the pre-existing morphologies associated with HMGs, where the crosslinking density of PNIPAM microgels remains consistent throughout the assembly, and NMs are uniformly distributed in the sieves of the microgels. To prepare such assemblies, microgels were prepared first, and then NMs were fabricated inside the sieves of the microgels by the in situ reduction of salt. Ahmad et al. [37] first engineered copolymerized PNIPAM microgels (containing PNIPAM and chitosan) and then introduced Ag NPs inside the meshes of gels by chemical reduction. The synthesized HMGs were used as a catalyst for the CRRs of 4NP, 2NP, 4NA, and 2NA. The authors performed the individual as well as simultaneous reduction of the pollutants to better stimulate the conditions of industrial effluents. Hou et al. [38] also developed PNIPAM-based HMGs containing Au NPs as a homogenous catalyst for catalyzing the homo-coupling reactions.



Agnihotri and Dan [12] synthesized the homogenous Ag NPs/PNIPAM-MAC HMGs for carrying out the catalytic reduction of MB. The zeta potential of these studies revealed that the assembly remained negative at all pH values, and an increase in the negative values was documented by increasing the pH value from 3 to 11 values. The observance of negative charge is expected at basic conditions because deprotonation of the COOH groups to generate COO−1 groups of the MGs occurs, leading it to become swelled. However, the observance of the negative charge was not expected under acidic conditions because the protonation of COOH groups is expected. The authors attributed the observance of the negative charge under acidic conditions to the utilization of potassium persulfate as an initiator. Consequently, the polymeric chains were terminated with negative sulfate ions, leading to the presence of a negative charge at all conditions. The presence of this negative charge makes these HMGs excellent catalytic assemblies for cationic pollutants. The authors performed the CRR of MB and carried out kinetics and thermodynamic analyses for the underlying reaction. Higher reduction efficacies were documented at conditions of high pH (alkaline condition, pH 11), low temperature (lower than VPTT value, maximum 20 °C  )  , and under low ionic strength. The authors also tested anionic dye for reduction, but better catalytic efficacy was documented for cationic dye rather than anionic dye, indicating that the presence of charge in the HMGs is not only essential for morphological changes but also makes HMGs selective catalysts.



The major disadvantages associated with these homogenous HMGs must also be discussed. First, homogenous HMGs are mechanically less stable than other morphologies and cannot be used as an effective catalyst at higher temperatures. For instance, Jabeen et al. [29] engineered polydispersed cobalt (Co) NPs within the sieves of the PNIPAM microgels and employed these HMGs as a catalyst for CRRs of 4NP, 2NP, 4NA, and 2NA. At high temperatures, the catalytic efficacy of the catalyst was greatly reduced owing to the contraction of the HMGs due to loss of water, indicating that these homogenous HMGs were not as effective at higher temperatures for catalysis. This limits the usage of the homogenous HMGs at high temperatures. Raza et al. [39], Jang et al. [19], Mohan et al. [40], and Hussain et al. [41] documented the abovementioned results in terms of the rate of kinetics. A literature survey associated with homogenous HMGs for CRRs of pollutants is presented in Table 2. Furthermore, the generalized synthesis scheme for the fabrication of homogenous HMGs is presented in Figure 10.




4.1.2. Heterogeneous HMGs


In the case of the heterogeneous HMGs, the crosslinking density does not remain consistent throughout the assembly but can be divided into different regions of core or corona/shells. The NMs can be introduced into any of the regions, and the presence of the NMs at the specific region helps in the modulation of the catalytic efficacy of HMGs.



Rigid Core@Polymeric Shell/NM-Based HMGs


Rigid core@polymeric shell-based HMGs address one of the basic problems associated with homogenous HMGs, which is leakage issues of NPs from HMGs. In these types of assemblies, NPs or NMs are developed separately first, and then the smart shell is developed around it [46]. As the shell completely caps the NMs, leakage issues are avoided effectively. Moreover, the mechanical characteristics of HMGs are extensively improved owing to the presence of the rigid core, which makes this overall assembly quite stable [47]. An interesting study providing an effective way to modulate the catalytic efficacy of engineered HMGs using the core@shell morphology was proposed by Zbonikowski et al. [48]. The authors developed an extremely thin polymeric shell (around 5 nm) of PNIPAM around FexOy@SiO2 NPs and investigated the impact of the conformational changes observed in the PNIPAM shell at the air–water interface concerning the changing temperature. This approach can be implemented for the modulation of the catalytic efficacy in that at higher temperatures (40 °C or above) or in air, the polymeric shell exists as a highly crosslinked structure and acts as a capping agent surrounding the NPs. Consequently, the catalyst will be switched off under these conditions. However, as soon as the catalyst is hydrated at the lower temperatures (20 °C), polymeric chains become swelled, and chains become free, leading to the activation of the catalyst. These conformational changes provide an effective way to modulate catalytic efficacy using the diffusional barrier of the pollutants for fabricated HMGs.



Chang et al. [34] developed Au NPs@modified PNIPAM polymeric shell-based HMGs and documented that the VPTTs, modulated by the temperature, were utilized as a switch for controllable CRR of the 4NP. The authors identified that the simple Au NPs followed the Arrhenius equation, where the increase in temperature increased the catalytic reduction potential of the catalyst, whereas, in the case of the Au NPs@modified PNIPAM polymeric shell, the reaction followed the Arrhenius equation until the attainment of the VPTT. However, as soon as the shell was contracted with the increase in the temperature, the catalytic efficacy decreased rapidly. The study affirms that the capping of the polymeric shell can be utilized as an ON–OFF switch for modulating the catalytic efficacy of HMGs. The disadvantage of the catalyst being ineffective at higher temperatures was observed in the case of rigid core@polymeric shell HMGs, which was quite similar to the homogenous HMGs. Han et al. [32], Minier et al. [49], and Li et al. [26] observed a similar trend of the reduction in the catalytic efficacy of HMGs owing to steric hindrance. The synthesis mechanism associated with the fabrication of the rigid core@polymeric shell is presented in Figure 11.




Polymeric Core@Polymeric Shell/NM-Based HMGs


As explained in the above section, the cores of HMGs can be made rigid using inorganic NMs as a core in the core@shell morphology of HMGs. Another type of morphology that can be utilized for HMGs is the development of a polymeric core@polymeric shell to achieve a soft polymeric catalyst. Typically, the polymeric core is made up of one material, while the polymeric shell is made up of other materials using the fabricated core as the seed. NMs are then introduced into the assembly (mostly in the shell) using the in situ reduction of salts. The shells can be differentiated based on the differences in the crosslinking density of both materials. Generally, the synthesis of such HMGs is achieved in three steps, namely the synthesis of the core via emulsion polymerization, the synthesis of the shell via polymerization, and then the synthesis of NMs for HMG fabrication. Naseem et al. [51] synthesized the polymeric core@polymeric shell using a similar three-step methodology. The polystyrene (PS) core was first developed using emulsion polymerization, followed by the development of the poly(N-isopropylmethacrylamide) (PNIPMAM)-AAc polymeric shell by seed-mediated polymerization. In the third step, Ag NPs were fabricated inside the sieves of the polymeric shell using the in situ reduction methodology to develop HMGs. Besold et al. [22] also developed Ag NPs fabricated in the PNIPAM shell of PS@PNIPAM to develop HMGs using the same abovementioned synthetic route. The fabricated HMGs were used for the CRR of the 4NP. The study is interesting in that it explores two different types of reduction mechanisms (i.e., condensation route and direct reduction route) associated with the 4NP reduction carried out in the presence of HMGs.



An interesting fabrication methodology to achieve the polymeric core@polymeric shell morphology was reported by Mustafa et al. [52]. The authors reported a novel methodology with a reduced number of steps (two steps rather than three steps) for the fabrication of such an assembly using the polymerization rates of the added monomers or comonomers. The authors added the N-isopropyl acrylamide (first monomer) and 2-hydroxyethyl methacrylate (HEMA; second monomer) in a single pot alongside the crosslinker and free-radical initiator for the radical polymerization reaction. As the HEMA polymerization rate is higher in comparison to the NIPAM, the HEMA core with high crosslinking density was developed first, acting as a polymeric core of the assembly. After the consumption of the HEMA, the remaining NIPAM monomer was then polymerized to develop the PNIPAM polymeric shell around the PHEMA core. This is followed by the second step, where the precursor salt is introduced along with the reductant in the medium to develop the Ag NPs in the sieves of the polymeric shell. The soft core of PHEMA provided much-needed mechanical strength owing to its high crosslinking density and hydrophobic polymeric nature, while the smart PNIPAM polymeric shell was used to develop the stimuli-responsive catalyst for the CRRs of the pollutants. The authors implemented synthesized HMGs for the reduction of 4-NP [52].



Ullah et al. [53] developed cadmium (Cd) NPs-PNIPAM-AAc@poly acrylic acid (PAAc) HMGs (containing the core of PAAc and the shell of PNIPAM-AAc) by utilizing a similar approach. However, it should be mentioned that the reactivity difference between the monomers (NIPAM and AAc) was not that much, leading to the presence of AAc in the core as well as in the smart polymeric shell. Moreover, the presence of AAc in the core and the shell further facilitated the swelling of the overall assembly owing to the presence of a negative charge under basic conditions. Consequently, Cd NPs were fabricated in both the shell and core regions of HMGs. The fabricated assembly was utilized as a catalyst for the CRRs of 4-nitroanisole (4NAs), 4NP, 3-nitrophenol (3NP), MB, Congo red (CR), methyl red (MB), reactive black 5 (RB5), 2,4-dinitro phenol (DNPO), crystal violet (CV), and 4-nitrobenzoic acid (4NBA). This study documented the excellent protocol for performing comparative analysis of CRRs of numerous dyes and nitroaromatic pollutants carried out under similar conditions.



In terms of the modulation of the catalytic efficacy, the polymeric core@polymeric shell presents even more options in comparison to the rigid core@polymeric shell. This sort of assembly exhibits even higher catalytic rates at extremely high temperatures. The impact of catalytic efficacy with respect to the variation in the temperature for Ag NP-based PS@PNIPMAM-AAc HMGs was studied by Naseem et al. [51]. The authors observed that the four types of regions or trends can be observed for these materials. Below 40 °C, swollen HMGs were present, and the reactants could reach fabricated Ag NPs without facing any substantial diffusional barrier. Accordingly, HMGs exhibited the Arrhenius equation-like trend where the catalytic efficacy was found to be increased by increasing the temperature from 30 °C to 40 °C. With the increment in the temperature from 40 °C to 50 °C, the catalytic efficacy was found to be decreased. This decrease is ascribed to the fact that the microgels contracted after increasing the temperature from the VPTT. Therefore, the reactants cannot reach NPs owing to the contracted state of the polymeric shells, leading to decreased catalytic efficacy. In the third region, the sharp increment in the     k   a p p     values was documented by increasing the temperature up to 65 °C. This sharp increment in the catalytic efficacy was attributed to the complete collapse of the polymeric shell, which resulted in NPs becoming exposed to the reactants present in the medium. After the collapse of the polymeric shell, the responsiveness associated with the polymeric shell is lost, and the NPs remain exposed to the dye molecules. Consequently, the     k   a p p     becomes independent of the variations in the temperature above 65 °C. Several studies have documented the observance of a similar trend in the case of polymeric core@polymeric shell HMGs [22,23,51,52,54]. The synthesis mechanism associated with the fabrication of the polymeric core@polymeric shell is presented in Figure 12. A literature survey associated with heterogeneous HMGs for CRRs of the pollutants is presented in Table 3.






4.2. Advancements in Terms of NMs in HMGs


Apart from the modification in the morphology, the advancement in NMs has also been carried out in recent times to improve the catalytic efficacy of HMGs. Typically, HMGs are divided into three broad categories, namely monometallic/metallic NMs, bimetallic/multi-metallic NMs, and combination/nanocomposites-based HMGs based on the type of fabricated NMs present in HMGs. A literature survey associated with the monometallic, bimetallic NMs, and nanocomposite-based HMGs is provided in Table 4. It should also be noted that the literature associated with bimetallic and nanocomposites-based HMGs is scarce as these are the recent approaches of modifications used for HMGs.



4.2.1. Monometallic NM-Based HMGs


Most of the studies discussed above fall into the category of monometallic NM-based HMGs, as the synthesized HMGs only contain one type of the NMs fabricated inside the sieves of the MGs. For instance, Chang et al. [34] developed a rigid core@polymeric shell catalyst containing Au NPs as the core. Since this assembly contained only one type of nanomaterial, it can be termed a monometallic-based HMG assembly. Cao et al. [62] developed core@shell@shell HMGs containing ZnO NPs as a core, followed by the shell of polydopamine (PDA) and PNIPAM. Begum et al. [1] synthesized polymeric core@polymeric shell MGs assembly (containing PNIPAM-HEMA-AAc as the shell and PHEMA as a core) and fabricated Ag NPs inside the sieves of these particles. HMGs were utilized for carrying out the CRR of the 4NA. The kinetics study performed for the reaction revealed it to be following the PFO kinetic pathway. Complete degradation of 4NA was achieved using this catalyst. The development of monometallic HMGs is the pre-existing approach for the development of HMGs.




4.2.2. Bimetallic/Muli-Metallic NM-Based HMGs


A literature survey of the reviews published before 2020 highlights the development of bimetallic/multi-metallic assembly as one of the major future directions remaining to be explored for the HMGs [63,64,65,66]. This approach has been the point of discussion for the researchers exploiting the research domain of HMGs in 2020–2023 for CRRs of pollutants. Kakar et al. [67] documented the development of a bimetallic HMG assembly containing copper (Cu)/Pd NPs fabricated inside thiol-functionalized PNIPAM-AAc and utilized this assembly for performing the catalytic reduction of MB and 4NP. The bimetallic assembly exhibited better reduction rates in comparison to their monometallic counterparts owing to the synergistic electrochemical effects of Cu and Pd NPs with each other. Just like HMGs, the bimetallic assemblies incorporate the functionalities of both the NMs within a single assembly. Arif et al. [15] also engineered a bimetallic HMG assembly containing Ag/Co NPs encapsulated in PNIPAM MGs and used this assembly as a catalyst for the CRR of methyl orange (MO). Comparison with the academic literature reveals that the bimetallic assembly exhibited better reduction results in comparison to their monometallic counterparts.



The synthesis of bimetallic assembly is not much different in comparison to monometallic assembly. Bimetallic assembly can be prepared in the same pot as monometallic assembly, but instead of adding only one precursor salt in the medium along with the reductant, two or more precursor salts are introduced into the assembly in the case of bimetallic assembly. The added reductant reduces both the precursor ions separately to generate NPs in the medium via the in situ reduction of the salt methodology. Arif [57] developed a bimetallic assembly containing Ag NPs and nickel (Ni) NPs by utilizing a similar approach. The author first synthesized PNIPMAM-MAC copolymerized MGs assembly using the emulsion polymerization and then fabricated Ag and Ni NPs inside the sieves of the MGs by introducing reductant (NaBH4) and precursor salts (silver nitrate for Ag NPs and nickel nitrate for Ni NPs) in a single pot. The reductant reduces the added ions into NPs to perform in situ chemical reduction of the metal ions of the salts. Raza et al. [39] also engineered the bimetallic assembly containing Ag NPs and titanium (Ti) NPs fabricated inside PNIPAM-MAC MGs using a similar approach. The authors utilized the engineered assembly for the CRRs of 4NP, MO, CR, MR, 2NP, CV, EBT, MB, and DNP. The pictorial description of the bimetallic assembly synthesized via in situ reduction methodology is presented in Figure 13.




4.2.3. Nanocomposites (NCs) Based HMGs


Apart from incorporating metal NPs inside the meshes of MGs, the other nanometer-ranged inorganic assemblies, such as graphene [44], carbon nanotubes [68], etc. can also be utilized to enhance the catalytic efficacy of the engineered assembly, as indicated in Figure 14. Carbon-based inorganic materials have gained much attention in recent times for this purpose as not only does the added material improve the fabrication capacities of the MGs, but it also improves the electronic conduction capabilities of the overall assembly. Consequently, the electrons can be easily transferred from the reductant to the pollutant molecules, resulting in an increment in the catalytic efficacy of the assembly [44]. Dan et al. [69] developed a thermal switchable catalyst containing palladium (Pd) NP fabricated on graphene sheets, followed by the imprinting of PNIPAM MGs to develop a highly sensitive electrochemical sensor for the detection of 4NP. Ali et al. [5] engineered NCs-based HMGs containing zirconium (Zr) NPs fabricated inside the PNIPAM-MAC MGs supplemented with graphene sheets for carrying out the CRRs of the number of pollutants. The authors identified the factors of type of MG, type of NP used, type of comonomer used, dyes studied, and type of inorganic material incorporated to be the major factors responsible for the modulation of the catalytic efficacy of these reactions.



Of note here is the comparison of the catalytic efficacies of the bimetallic and NC-based HMGs. As indicated by Table 4, almost complete or complete reduction percentages with high reduction rates were acquired using bimetallic HMGs [39,57,67]. However, incomplete reduction with lower percentage degradation was observed for similar dyes when the NC-based monometallic HMG assemblies were used for the catalytic degradation [5,44]. This point requires further exploration and can be utilized by the upcoming researchers as the research gap. However, it is expected that in the case of bimetallic assemblies, surface area associated with the NPs was directly increased, while in the case of NCs-based HMGs, the synergistic effects of both organic and inorganic materials might not be as compatible as claimed by the authors. Consequently, more research is required.





 





Table 4. Comparative analysis of nonmetallic, bimetallic, and nanocomposite-based HMGs assembly for the CRRs of pollutants.






Table 4. Comparative analysis of nonmetallic, bimetallic, and nanocomposite-based HMGs assembly for the CRRs of pollutants.





	
Catalytic Assembly

	
Type of HMGs

	
Pollutant

	
Pollutant Dose

	
Catalyst Dose

	
Reductant Dose

	
Rate Constant

	
Reduction Time

	
Percentage Reduction

	
Ref.






	
Thiol-functionalized PNIPAM-AAc/Cu NPs

	
Monometallic

	
4NP

	
0.1 mM (1 mL)

	
0.06 mg/mL (0.2 mL)

	
10 mM (1 mL) NaBH4

	
0.0223 min−1

	
  ~  18 min

	
100%

	
[67]




	
Thiol-functionalized PNIPAM-AAc/(Cu/Pd NPs)

	
Bimetallic

	
0.223 min−1

	
  ~  120 s

	
100%




	
Thiol-functionalized PNIPAM-AAc/Cu NPs

	
Monometallic

	
MB

	
0.1 mM (1 mL)

	
0.06 mg/mL (0.2 mL)

	
10 mM (1 mL) NaBH4

	
--

	
  ~  24 min

	
100%




	
Thiol-functionalized PNIPAM-AAc/(Cu/Pd NPs)

	
Bimetallic

	
0.173 min−1

	
  ~  165 s

	
100%




	
PNIPMAM-MAC/(Ag/Ni NPs)

	
Bimetallic

	
MO

	
0.80 mM

	
85.71   μ  g/mL

	
9.65 mM

NaBH4

	
0.925 min−1

	
10 min

	
100%

	
[57]




	
MR

	
0.525 min−1

	
9 min

	
100%




	
EBT

	
0.540 min−1

	
9 min

	
100%




	
CR

	
0.486 min−1

	
10 min

	
100%




	
PNIPAM-MAC/Zr NPs@GS

	
NCs

	
4NP

	
0.085 mM

	
0.2 mL

	
0.1 g NaBH4

	
0.010 min−1

	
68 min

	
36%

	
[5]




	
SN

	
0.012 min−1

	
82 min

	
41.8%




	
CR

	
0.015 min−1

	
50 min

	
48.6%




	
4NAs

	
0.0210 min−1

	
42 min

	
70%




	
DNPO

	
0.023 min−1

	
44 min

	
60%




	
4NBA

	
0.010 min−1

	
48 min

	
72%




	
CNTs@PNIPAM-VBDB@Pd NPs

	
NCs

	
NB

	
1 mM

	
0.01 g

	
1 bar H2 gas at 40  ℃  

	
--

	
120 min

	
98%

	
[70]




	
TA-HNTs@PNIPAM/AuNPs

	
NCs

	
4NP

	
1 mM (75   μ  L)

	
0.05 mL

	
133 mM (0.5 mL)

NaBH4

	
0.345 min−1

	
10 min

	
100%

	
[71]




	
Perlite glass@PNIPAM-AAm@Pd/NPs

	
NCs

	
NB

	
1 mM

	
0.03 g

	
1 atm H2 gas at 40    ℃  

	
--

	
90 min

	
98%

	
[72]












5. Conclusions


This review presents an overview of the recent academic literature associated with the advanced research domains of HMGs employed as nanocatalysts for the CRRs of aqueous pollutants. To introduce new researchers to this domain, this review introduces the readers to the fundamentals affiliated with HMGs and CRRs. It has been observed that free-radical emulsion polymerization is the most common technique used for the development of the MGs, and for the incorporation of NPs in MGs, the in situ reduction reaction is followed. The combination of these strategies has been found to be an effective way to develop homogenous HMGs. Apart from synthesis techniques, characterization techniques and properties associated with HMGs have also been studied. It has been found that the comonomer and functional moiety available in the HMGs are essential for achieving pH responsiveness and temperature responsiveness of HMGs, while the NMs present in HMGs have been found to be responsible for the optical responsiveness of HMGs. In terms of recent advancements, the morphology of HMGs exhibits the most modification. Broadly, the morphology of HMGs is divided into homogenous and heterogeneous, where it has been identified that all these morphologies play a significant role in the modulation of the catalytic efficacies of HMGs concerning variations in temperature. The types and nature of the NMs incorporated also play a significant role in determining the catalytic efficacy of the synthesized assemblies. The bimetallic assembly exhibited the highest catalytic efficacy for several pollutants. To conclude, HMGs for CRRs are advanced materials that have been given extreme attention in the past three years, and we believe that this review will serve as a tutorial as well as a research-gap identification study for this particular domain.




6. Future Perspectives


The following future perspectives were identified while performing the above critical review of HMGs utilized for CRRs of organic pollutants:




	
Thermodynamic parameters should be given as much significance as kinetic analysis because thermodynamic studies provide critical insights regarding underlying reactions.



	
There is a recent trend in the use of the response surface methodology (RSM) as a means for the optimization of the catalytic reactions [73]. RSM is an advanced computational and statistical tool that includes the interaction coefficients in the modeling of the underlying reaction [74]. To the best of our knowledge, this approach has not yet been implemented for MGs or HMGs, making it one of the prospective fields for exploration.



	
The implementation of the RSM approach for photocatalytic reactions is just starting to be documented [35], indicating that this field should be implemented for catalytic reduction-based reactions as well.



	
Data-driven approaches, particularly machine learning, are also finding use in almost every research domain [75]. These approaches can be implemented for the modeling of HMGs for CRRs as well.



	
The use of novel types of nanocomposite materials, comonomers, or inorganic substances can develop appropriate and novel nanocatalysts.



	
The morphological features of HMGs can be used as a key switch in wastewater treatment plants for simultaneous biomedical (antibacterial, antifungal, antioxidant activities, etc.) and CRR reactions.
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Abbreviations




	DPE
	1:1-Diphenylethane



	1B2NB
	1-bromo-2-nitrobenzene



	1B3NB
	1-bromo-3-nitrobenzene



	1C2NB
	1-chloro-2-nitrobenzene



	1C4NB
	1-chloro-4-nitrobenzene



	CEB
	1-chloro-4-ethylbenzene



	1M2NB
	1-methyl-2-nitrobenzene



	1M22DNB
	1-methyl-2,2-dinitrobenzene



	1M24DNB
	1-methyl-2,4-dinitrobenzene



	VIM
	1-vinylimidazole



	VBDB
	1-vinyl-3-butylimidazolium bromide



	24Dc1NB
	2,4-dichloro-1-nitrobenzene



	DNPO
	2,4-Dinitrophenol



	AMPS
	2-acrylamido-2-methylpropane sulfate



	AMPSA
	2-acrylamido-2-methyl-propane sulfonic acid



	HMABP
	2-hydroxy-4-(methacryloyloxy)-benzophenone



	2MO4NA
	2-methoxy-4-nitroaniline



	2NA
	2-nitroaniline



	2NPM
	(2-nitrophenyl) methanol



	3MSi
	3-methacryloxypropyltrimethoxysilane



	3MO4NA
	3-methoxy-4-nitroaniline



	4CANI
	4-chloroaniline



	4NA
	4-nitroaniline



	4C12DNB
	4-chloro-1,2-dinitrobenzene



	4B4NB
	4-Bromo-4-nitrobenzene



	4NAs
	4-nitroanisole



	4NBA
	4-nitrobenzoic acid



	4NP
	4-nitrophenol



	5NB13DA
	5-nitrobenzene-1,3-diamine



	AA
	Acrylamide



	AAc
	Acrylic acid



	AAm
	Allylamine



	ANI
	Aniline



	AB
	Azobenzene



	BCH
	Bicyclo[2.2.1]heptane



	CNTs
	Carbon nanotubes



	CRR
	Catalytic reduction reaction



	CFI
	Confocal imaging



	CR
	Congo red



	COP
	Copolymerized



	CV
	Crystal violet



	CD
	Cyclodextrin



	DSPB
	Diblock spherical polymer brushes



	DEAEMA
	Diethylaminoethyl methacrylate



	DSC
	Differential scanning calorimetry



	DHC
	Dihydrochalcone



	DLS
	Dynamic light scattering



	EDX
	Energy-dispersive X-ray spectrometer



	EY
	Eosin Y



	EBT
	Eriochrome Black T



	EDTA
	Ethylenediaminetetraacetic acid



	EB
	Ethylbenzene



	FTIR
	Fourier transform infrared spectroscopy



	FEPol
	Free-radical emulsion polymerization



	Au
	Gold



	GO
	Graphene oxide



	GS
	Graphene sheets



	t1/2
	Half-life time



	HMGs
	Hybrid microgels



	HEMA
	Hydroxyethyl methylacrylate



	ICP
	Inductively coupled plasma



	Fe3O4
	Iron oxide



	MG
	Malachite green



	MS
	Mass spectrometry



	MAC
	Methacrylic acid



	MB
	Methylene blue



	MO
	Methyl orange



	MR
	Methyl red



	DM4NA
	N,N-dimethyl-4-nitroaniline



	NCs
	Nanocomposites



	NMs
	Nanomaterials



	NPs
	Nanoparticles



	NRs
	Nanorods



	Ni
	Nickel



	NB
	Nitrobenzene



	NMR
	Nuclear magnetic resonance



	OVAT
	One-variable-at-a-time



	TOL
	p-Toluidine



	Pd
	Palladium



	PIMP
	Photoiniferter-mediated polymerization



	Pt
	Platinum



	PAMP
	Poly (2-acrylamide-2-methylpropanesulfonic acid)



	PMETAC
	Poly 2-(methacryloyloxy)ethyl-trimethyl-ammonium chloride



	PNIPAM
	Poly (N-isopropyl acrylamide)



	Bpnipam
	Poly (N-isopropylacrylamide) brushes



	PNIPMAM
	Poly (N-isopropyl methacrylic acid)



	PS
	Polystyrene



	PSV
	Polystyrene coated with 4-vinylbenzyl N,N-diethyldithiocarbamate



	PSS
	Polystyrene sulfonate



	PFO
	Pseudo-first-order kinetics



	RB5
	Reactive black 5



	SN
	Safranin



	SEM
	Scanning electron microscopy



	SiO2
	Silica



	Ag
	Silver



	NaBH4
	Sodium borohydride



	SPR
	Surface plasmonic resonance



	TA-HNTs
	Tannin-aminopropyltriethoxysilane-coated halloysite nanotubes



	TEOS
	Tetraethoxysilane



	TGA
	Thermal gravimetric analysis



	TChPILs
	Thiol-functionalized chitosan poly(protic ionic liquids)



	TEM
	Transmission electron microscopy



	TOF
	Turnover frequency



	UV–VIS
	Ultraviolet–visible spectroscopy



	VPTT
	Volume phase transition temperature



	XRD
	X-ray Diffraction



	XPS
	X-ray photoelectron spectroscopy



	Zr
	Zirconium
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Figure 1. (a) Development of hyperbranched polysiloxane (HBPS) core via reaction of 1,3-propane diol (1,3-PDO) with vinyltriethoxysilane (VTES), followed by the synthesis of core@shell HBPS@PNIPAM microgels by FEPol methodology (using NIPAM as the main monomer and BIS as the crosslinker); (b) Digital photographs of the microgels at various temperatures; and (c) VPTT studies performed for the HBPS@PNIPAM microgels indicating the critical temperature for phase transition to be 32 °C. Figure adapted with permission from Ref. [13]—copyright 2023 Taylor & Francis. 
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Figure 2. Synthesis of Ag and Co NMs inside microgels via in situ reduction methodology. Figure adapted with the permission from Ref. [15]—copyright 2022 Elsevier. 
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Figure 3. Synthesis of Ag NMs inside core@shell microgels for HMGs via in situ reduction methodology. Figure adapted with the permission from Ref. [23]—copyright 2020 Elsevier. 
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Figure 4. Schematic representation of (a) the synthesis of p(t-BuA macro-CTA) by RAFT polymerization; (b) the development of block polymers P1a and P2a using the RAFT polymerization; and (c) the synthesis of MNPs by co-precipitation followed by grafting of the block polymers using EDC/NHS coupling. Figure adapted with permission from Ref. [24]—copyright 2022 American Chemical Society. 
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Figure 5. (a) Synthesis of Ag NMs coated with HHS followed by PNIPAM coat; (b) SEM; (c) TEM; (d) HRTEM; (e) EDX; (f) STEM; (g–k) Image mapping concerning the Si (g), Ni (h), O (i), Ag (j), and C (k). Figure adapted with the permission from Ref. [25]—copyright 2020 American Chemical Society. 
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Figure 7. (a) Zeta potential of HMGs (Au-PNIPAM HMGs) in terms of pH; Hydrodynamic radius values concerning the variation in temperature at the pH values of 4.00 (b) and 9.00 (c). Figure adapted with the permission from Ref. [12]—copyright 2022 American Chemical Society. 
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Figure 8. UV–VIS spectrum of pure MGs and CuO NM-based HMGs. Figure adapted with the permission from Ref. [7]—copyright 2022 Elsevier. 
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Figure 9. UV–VIS spectrum of the methylene blue dye without the catalyst exhibited a negligible decrease in absorbance. With the addition of the catalyst, the characteristic peaks of MB (664 nm and 615 nm) exhibited a decrease in absorbance with time. Figure adapted with the permission from Ref. [7]—copyright 2022 Elsevier. 
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Figure 10. Synthesis of the homogenous HMGs for CRRs. Figure adapted with permission from Ref. [12]—copyright 2022 American Chemical Society. 
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Figure 11. Synthesis of the rigid core@polymeric shell for CRRs of MB and Eosin Y. Figure adapted with the permission from Ref. [50]—copyright 2023 Taylor and Francis. 
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Figure 12. Synthesis of the polymeric core@polymeric shell (PNIPAM-AAc)@polyAAc MGs and PNIPAM-AAc@polyAAc containing Cd NMs HMGs. Figure adapted with the permission from Ref. [53]—copyright 2020 Elsevier. 
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Figure 13. Synthesis scheme of P(NIPAM-MAC) and Ag/Ni-P(NIPAM-MAC). Figure adapted with the permission from Ref. [57]—copyright 2023 Royal Society of Chemistry. Creative Commons License. 
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Figure 14. Synthesis of the NCs-based HMGs (i.e., Graphene-containing HMGs). Figure adapted with the permission from Ref. [5]—copyright 2021 Elsevier. 
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	HMGs
	Techniques Used
	Main Technique Discussed
	Purpose/Advantage
	Ref.





	PNIPAM-AAc/Ag NPs
	FTIR

UV–VIS

TEM
	FTIR
	To study the chemical functionalities of microgels

To validate the formation of microgels

To study the chemical interactions of NMs with HMGs

To study the orientations/conformations of polymeric chains of HMGs
	[9]



	PNIPAM-MAC/CuO NPs
	SEM

XRD

FTIR

UV–VIS
	SEM
	To estimate any variation in surface characteristics upon incorporation of NMs within microgels

To study any fracture and failure mechanics of the synthesized HMGs

To investigate the surface morphology of HMGs

To affirm the incorporation of NMs in the microgels in
	[7]



	PNIPAM-AMPS/Cu NPs HMGs and PNIPAM-AMPS/Ni NPs
	EDX

FTIR

TGA

TEM

UV–VIS
	EDX
	Elemental composition of HMGs is investigated via EDX

Purity of HMGs

Percentage composition of the elements

Detection of the impurities present in HMGs
	[27]



	PNIPAM/Ag NPs
	TEM

FTIR

UV–VIS
	TEM
	To investigate the structural properties of dispersed phases

To develop micrographs of HMGs for identifying the NMs present at the localized regions

Study of phase morphology

Investigation of the size of NPs

Estimation of the size distribution of NPs in HMGs

Comparison of particle sizes of HMGs
	[20]



	PNIPAM-MAC/Au NPs
	XRD

ICP-MS

SEM

TEM

TGA

UV–VIS
	XRD
	To examine the existence of crystalline structure in microgels and loaded NPs

To study the purity of NPs added to microgels

To study the diffraction planes associated with the NMs in HMGs

To investigate percentage crystallinity in HMGs

To estimate the size of the NPs in HMGs
	[12]



	Ni-doped Fe3O4 NPs@PNIPAM
	XPS

XRD

UV–VIS

DLS
	XPS
	To study the NP interaction with different groups of microgels

To estimate the stability of NPs

To study the vacancies generated by the dopant in HMGs

To study the concentration of NMs in HMGs
	[28]



	PS@PNIPAM-MAC/Ag NPs
	TGA

FTIR

TEM

DLS

UV–VIS
	TGA
	To determine the successful fabrication of NPs in HMGs

Thermal stability of microgels and HMGs is investigated by TGA
	[17]



	PNIPAM-AMPS/Ag NPs
	DLS

FTIR

XRD

TGA

UV–VIS
	DLS
	Investigating the changes in particle size of the microgels due to uploaded NP contents and temperature variations

Swelling/de-swelling characteristics of HMGs

To study the morphological transitions of HMGs
	[8]



	PNIPAM-AMPS/Co NPs
	UV–VIS

FTIR

TEM

DLS

XRD

EDX
	UV–VIS
	To study the successful fabrication of NMs in microgels by characteristics of SPR

To study the stability of the HPAs

To study any size changes in NMs in HPAs by variation in SPR peaks

To analyze the impact of swelling/de-swelling of hybrid microgels based on their optical and plasmonic characteristics
	[29]



	PNIPAM/Ag NPs
	ICP-MS

DLS

DSC

SEM

TEM

CFI
	ICP-MS
	To study the content/mass of the NMs present in the HMGs
	[30]



	PNIPAM/Ag NPs and PNIPAM/Au NRs
	DSC

DLS

TEM

FTIR
	DSC
	To study the conformational changes in the HMGs

To investigate the impact of thermal changes on HMGs

To study the VPTT temperature of gels and HMGs
	[31]
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Catalytic Assembly

	(a)

	
Gels




	(b)

	
NMs







	
Morphology

Type

Salient Characters

	
Synthesis:

Total Steps

	
Pollutant

	
Catalytic Reduction

	(a)

	
[Pollutant]




	(b)

	
[Catalyst]




	(c)

	
[NaBH4]/Reductant







	
Observed Parameters

	(a)

	
Rate Constant/TOF




	(b)

	
Percentage Reduction (%R)




	(c)

	
Reaction Time







	
Kinetics Studies

	
Remarks

	
Ref.






	

	(a)

	
PNIPAM-HEMA




	(b)

	
Au NPs






Au NPs/PNIPAM-HEMA

	
Homogenous

COP

	
Two steps:

	(a)

	
PNIPAM-HEMA via FEPol.




	(b)

	
In situ reduction of salt for Au NPs







	
4NP

	

	(a)

	
0.16 mmol/L (8 mL)




	(b)

	
1.5 mL




	(c)

	
0.2 mmol/L (8 mL)







	

	(a)

	
0.36 min−1 at 35 °C




	(b)

	
–




	(c)

	
~4 min







	
PFO

	
The detailed impact of the temperature effect on rate constants was studied. Moreover, the VPTT-based modulation of the catalytic activity was carried out.

	
[34]




	

	(a)

	
PNIPAM-thiolated HEMA




	(b)

	
Au NPs






Au NPs/PNIPAM-HEMA

	
Homogenous

CoP

	
Two steps:

	(a)

	
PNIPAM-thiolated HEMA via FEPol.




	(b)

	
In situ reduction of salt for Au NPs







	
4NP

	

	(a)

	
0.16 mmol/L (8 mL)




	(b)

	
1.5 mL




	(c)

	
0.2 mmol/L (8 mL)







	

	(a)

	
~0.42 min−1 at 25 °C




	(b)

	
>97%




	(c)

	
~3.22 min; t1/2 = 1.61 min







	
PFO




	

	(a)

	
TChPILs




	(b)

	
Au NPs






Au NPs/TChPILs

	
Homogenous

Metallic assembly

	
Three steps:

	(a)

	
TChPILs beads via a simple dropping method (ethanol as the main solvent)




	(b)

	
Immersion of beads into the Au salt solution.




	(c)

	
Au NPs via in situ reduction of salt







	
4NP

	

	(a)

	
0.5 mM (0.5 mL)




	(b)

	
12 mg




	(c)

	
0.1 M (2.5 mL)







	

	(a)

	
0.271 min−1




	(b)

	
100%




	(c)

	
~13 min







	
PFO

	
The author studied the thermodynamic parameters of Ea,   ∆   H   #    , and   ∆   S   #     using the Eyring equation for the 4NP degradation reaction. The authors affirm the need for the catalyst to carry out this reduction reaction based on the kinetic and thermal barrier of the reaction.

	
[42]




	
MO

CR

EBT

	

	(a)

	
1.5 mM of substrate (0.5 mL)




	(b)

	
4 mg




	(c)

	
0.1 M (2.5 mL)







	
MO

	(a)

	
0.089 min−1




	(b)

	
100%




	(c)

	
30 min






CR

	(a)

	
0.149 min−1




	(b)

	
100%




	(c)

	
18 min






EBT

	(a)

	
0.094 min−1




	(b)

	
100%




	(c)

	
30 min







	
PFO




	
Single layered Assembly

	(a)

	
PNIPAM-APMSA




	(b)

	
Au NPs






PNIPAM-APMSA/Au NPs

	
Homogenous

COP

	
Single layered Assembly

Two steps:

	(a)

	
PNIPAM-APMSA cyrogels via   γ  -rays induced cyro-polymerization




	(b)

	
Au NPs by in situ reduction of salt







	
CR

	

	(a)

	
50 mL




	(b)

	
0.15 g




	(c)

	
0.02 g







	

	(a)

	
0.3652 min−1




	(b)

	
100%




	(c)

	
10 min







	
PFO

	
The authors studied thermodynamic parameters associated with the reaction via Eyring equation. The doubling of the shells hindered the reduction capabilities of assemblies, indicating that the diffusional barrier faced by reactants is the significant parameter for controlling efficacy.

	
[43]




	
Double layered assembly

	(a)

	
PNIPAM-APMSA/PNIPAM-APMSA




	(b)

	
Au NPs






PNIPAM-APMSA/PNIPAM-APMSA/Au NPs

	
Double layered Assembly

Three steps:

	(a)

	
PNIPAM-APMSA cyrogels via   γ  -rays induced cyro-polymerization




	(b)

	
Second layer, via the same step




	(c)

	
Au NPs by in situ reduction of salt







	

	(a)

	
0.2268 min−1




	(b)

	
100%




	(c)

	
16 min










	

	(a)

	
PNIPAM-AAc




	(b)

	
Ag NPs






PNIPAM-AAc/Ag NPs

	
Homogenous

COP

	
Two steps:

	(a)

	
PNIPAM-AAc via FEPol.




	(b)

	
Ag NPs via in situ reduction of salt







	
4NP

4NAs

DNP

MR

RB5

MG

MO

EBT

	

	(a)

	
0.1 mM (3 mL)




	(b)

	
0.5 mL




	(c)

	
0.1 g







	
4NP

	(a)

	
~0.37 min−1




	(b)

	
81%




	(c)

	
5 min






4NAs

	(a)

	
~0.49 min−1




	(b)

	
91%




	(c)

	
8 min






DNP

	(a)

	
~0.21 min−1




	(b)

	
88%




	(c)

	
10 min






MR

	(a)

	
~0.20 min−1




	(b)

	
84%




	(c)

	
11 min






RB5

	(a)

	
~0.21 min−1




	(b)

	
87%




	(c)

	
11 min






MG

	(a)

	
~0.22 min−1




	(b)

	
95%




	(c)

	
10 min






MO

	(a)

	
~0.34 min−1




	(b)

	
91%




	(c)

	
7 min






EBT

	(a)

	
~0.23 min−1




	(b)

	
83%




	(c)

	
8 min







	
PFO

	
The authors utilized the combination of organic (PNIPAM-AAc) and inorganic (GO) materials as a fabrication of the Ag NPs. The authors figured out that for most of the studied pollutants, the combination of organic and inorganic materials exhibited better results in terms of catalytic efficacy in comparison to the organic microgels. GO facilitated the catalytic reduction process by providing synergistic effects for the transduction of the electron between the reductant and the reactant. Consequently, high reduction rates were documented for the assembly containing GO alongside the hybrid microgels.

	
[44]




	

	(a)

	
PNIPAM-AAc/GO




	(b)

	
Ag NPs






PNIPAM-AAc/GO/Ag NPs

	
Heterogeneous

Layered

	
Three steps:

	(a)

	
PNIPAM-AAc via FEPol




	(b)

	
GO by the Hummers method




	(c)

	
Ag NPs via in situ reduction of salt







	
4NP

	(a)

	
0.23 min−1




	(b)

	
93%




	(c)

	
13 min






4NAs

	(a)

	
~0.25 min−1




	(b)

	
92%




	(c)

	
11 min






DNP

	(a)

	
0.18 min−1




	(b)

	
88%




	(c)

	
13 min






MR

	(a)

	
~0.24 min−1




	(b)

	
92%




	(c)

	
12 min






RB5

	(a)

	
~0.25 min−1




	(b)

	
91%




	(c)

	
11 min






MG

	(a)

	
~0.26 min−1




	(b)

	
92%




	(c)

	
11 min






MO

	(a)

	
0.60 min−1




	(b)

	
92%




	(c)

	
8 min






EBT

	(a)

	
~0.32 min−1




	(b)

	
88%




	(c)

	
8 min










	

	(a)

	
PNIPAM-AMPSA




	(b)

	
Ag NPs






PNIPAM-AMPSA/Ag NPs

	
Homogenous

COP

	
Two steps:

	(a)

	
PNIPAM-AMPSA via FEPol.




	(b)

	
Ag NPs via in situ reduction of salt







	
4NP

2NP

2NA

MO

MB

EY

	
4NP

	(a)

	
0.001 M




	(b)

	
  100   μ  L




	(c)

	
Excess






2NP

	(a)

	
0.001 M




	(b)

	
  100   μ  L




	(c)

	
Excess






2NA

	(a)

	
1 mM




	(b)

	
  100   μ  L




	(c)

	
Excess






MO

	(a)

	
  4   ×   10−4 M




	(b)

	
  100   μ  L




	(c)

	
Excess






MB

	(a)

	
  1.6   ×   10−4 M




	(b)

	
  100   μ  L




	(c)

	
Excess






EY

	(a)

	
  4   ×   10−4 M




	(b)

	
  100   μ  L




	(c)

	
Excess







	
4NP

	(a)

	
  117   ×   10−2 min−1




	(b)

	
--




	(c)

	
23 min






2NP

	(a)

	
  3.24   ×   10−2 min−1




	(b)

	
--




	(c)

	
12 min






2NA

	(a)

	
  6.67   ×   10−2 min−1




	(b)

	
--




	(c)

	
19 min






MO

	(a)

	
  53.2   ×   10−2 min−1




	(b)

	
--




	(c)

	
18 min






MB

	(a)

	
  34.6   ×   10−2 min−1




	(b)

	
--




	(c)

	
26 min






EY

	(a)

	
  23.63   ×   10−2 min−1




	(b)

	
--




	(c)

	
28 min







	
PFO

	
The thermodynamic parameters were also investigated alongside the kinetic parameters for the catalytic reduction reactions. It was observed that the rate constant values of these reactions were found to be increasing with increments in the temperature parameter value.

	
[8]




	

	(a)

	
PNIPAM-AMPSA




	(b)

	
Ag NPs






PNIPAM-AMPSA/Ag NPs

	
Homogenous

COP

	
Two steps:

	(a)

	
PNIPAM-AMPSA via FEPol.




	(b)

	
In situ reduction of salt for Ag NPs







	
RhB

4NP

	
RhB

	(a)

	
0.016 mM (20 mL)




	(b)

	
  20   μ  L




	(c)

	
0.02 g






4NP

	(a)

	
0.05 mM (20 mL)




	(b)

	
  20   μ  L




	(c)

	
0.02 g







	
RhB

	(a)

	
0.082 min−1




	(b)

	
more than 92%




	(c)

	
6 min






4NP

	(a)

	
0.205 min−1




	(b)

	
–




	(c)

	
10 min







	
PFO

	
An excellent comparative study was performed by carrying out the reduction for two different NPs under the same conditions of catalytic reduction. Pd NP-based HMGs exhibited better results in comparison to the Ag NP-based HMGs. To obtain further insights into reduction reaction, surface-area-based normalized rate constants were investigated in the study as well.

	
[4]




	

	(a)

	
PNIPAM-AMPSA




	(b)

	
Pd NPs






PNIPAM-AMPSA/Pd NPs

	
Homogenous

COP

	
Two steps:

	(a)

	
PNIPAM-AMPSA via FEPol.




	(b)

	
In situ reduction of salt for Pd NPs







	
RhB

	(a)

	
0.373 min−1




	(b)

	
more than 92%




	(c)

	
4 min






4NP

	(a)

	
0.226 min−1




	(b)

	
–




	(c)

	
8 min







	
PFO




	

	(a)

	
PNIPAM-AAc




	(b)

	
Fe NPs






PNIPAM-AAc/Fe NPs

	
Homogenous

COP

	
Two steps:

	(a)

	
PNIPAM-AAc via FEPol.




	(b)

	
In situ reduction of salt for Fe NPs







	
3NP

4NP

4NAs

4NBA

DNP

CR

CV

MB

MR

RB5

	

	(a)

	
0.1 mM (3.5 mL)




	(b)

	
0.5 mL




	(c)

	
0.01 mg







	
3NP

	(a)

	
0.175 min−1




	(b)

	
97.6%




	(c)

	
12 min






4NP

	(a)

	
0.135 min−1




	(b)

	
98.3%




	(c)

	
23 min






4NAs

	(a)

	
0.252 min−1




	(b)

	
98.7%




	(c)

	
11.6 min






4NBA

	(a)

	
0.070 min−1




	(b)

	
76.1%




	(c)

	
29 min






DNP

	(a)

	
0.031 min−1




	(b)

	
78.4%




	(c)

	
12.3 min






CR

	(a)

	
0.145 min−1




	(b)

	
88.1%




	(c)

	
9 min






CV

	(a)

	
0.749 min−1




	(b)

	
96.8%




	(c)

	
5.3 min






MB

	(a)

	
0.026 min−1




	(b)

	
84.1%




	(c)

	
25.5 min






MR

	(a)

	
0.030 min−1




	(b)

	
61.9%




	(c)

	
7.3 min






RB5

	(a)

	
0.298 min−1




	(b)

	
97.9%




	(c)

	
13.3 min







	
PFO

	
Excellent comparative studies were performed where the comparison of %R can be carried out among different pollutants as the CRRs were carried out under similar conditions. The authors identified the factors of the chemical structure of pollutants, presence of bulky groups, steric hindrance, and orientation of NPs as the crucial factors influencing the %R.

	
[45]




	

	(a)

	
PNIPAM-MAC




	(b)

	
CuO NPs






PNIPAM-MAC/CuO NPs

	
Homogenous

COP

	
Two steps:

	(a)

	
PNIPAM-MAC via FEPol




	(b)

	
CuO NPs via in situ oxidation of salt







	
MO

	

	(a)

	
0.088 mM




	(b)

	
2.7 mg/mL




	(c)

	
4.473 mM







	

	(a)

	
0.5307 min−1




	(b)

	
100%




	(c)

	
15 min







	
PFO

	
The recycling experiments and FTIR-based analysis of the synthesized catalyst were carried out for efficient investigation.

	
[7]




	

	(a)

	
PNIPAM-AAc




	(b)

	
Ag NPs






PNIPAM-AAc/Ag NPs

	
Homogenous

COP

	
Two steps

	(a)

	
PNIPAM-AAc via FEPol




	(b)

	
Ag NPs via in situ reduction of salt







	
MG

	

	(a)

	
0.03 mM




	(b)

	
0.05 mL




	(c)

	
1.5 mM







	

	(a)

	
0.0376 min−1




	(b)

	
–




	(c)

	
6 min







	
PFO

	
Numerous parameters, including catalyst dose, reducing agent dose, and MG dose, were optimized using the OVAT kinetic approach.

	
[9]
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Catalytic Assembly

	(a)

	
Gels




	(b)

	
NMs







	
Morphology

Type

Salient Characters

	
Synthesis:

Total Steps

	
Pollutant

	
Catalytic Reduction

	(a)

	
[Pollutant]




	(b)

	
[Catalyst]




	(c)

	
[NaBH4]/Reductant







	
Observed Parameters

	(a)

	
Rate constant/ TOF




	(b)

	
Percentage Reduction (%R)




	(c)

	
Reaction Time







	
Kinetics Studies

	
Remarks

	
Ref.






	

	(a)

	
PS@PNIPAM-MAC




	(b)

	
Ag NPs






Ag NPs/PS@PNIPAM-MAC

	
Heterogeneous

core@shell

CoP

	
Three steps:

	(a)

	
PS core via FEPol.




	(b)

	
Seed-mediated emulsion polymerization for PNIPAM-MAC




	(c)

	
In situ reduction of salt for Ag NPs







	
EY

	

	(a)

	
0.051 mM




	(b)

	
0.3215 mg/mL




	(c)

	
7.70 mM







	

	(a)

	
0.1915 min−1 at 29 °C




	(b)

	
100%




	(c)

	
~7.2376 min; t1/2 = 3.6188 min







	
PFO

	
Detailed kinetic study documenting the impact of [catalyst], [pollutant], and [NaBH4] on rate constant was thoroughly investigated.

	
[50]




	
MB

	

	(a)

	
0.51 mM




	(b)

	
0.3215 mg/mL




	(c)

	
7.70 mM







	

	(a)

	
0.9359 min−1 at 29 °C




	(b)

	
100%




	(c)

	
~1.48092 min; t1/2 = 0.74046 min







	
PFO




	

	(a)

	
PNIPAM-DEAEMA




	(b)

	
Fe3O4 NPs and Pd NPs






Fe3O4 NPs@Pd NPs/PNIPAM-DEAEMA

	
Heterogeneous

core@ grafted shell supplied with NPs

	
Three steps:

	(a)

	
Co-precipitation for Fe3O4 NPs




	(b)

	
PNIPAM-DEAEMA via FEPol.




	(c)

	
In situ reduction of salt for Pd NPs fabricated in PNIPAM-DEAMA







	
CEB

EB

BCH

DPE

DHC

ANI

CANI

TOL

	

	(a)

	
1 mM of substrate




	(b)

	
1 atm H2




	(c)

	
1 mol%







	
CEB

	(a)

	
TOF = 67 h−1




	(b)

	
100%




	(c)

	
90 min






EB

	(a)

	
TOF = 54 h−1




	(b)

	
100%




	(c)

	
112 min






BCH

	(a)

	
TOF = 86 h−1




	(b)

	
100%




	(c)

	
70 min






DPE

	(a)

	
TOF = 57 h−1




	(b)

	
100%




	(c)

	
105 min






DCH

	(a)

	
TOF = 8 h−1




	(b)

	
100%




	(c)

	
740 min






ANI

	(a)

	
TOF = 23 h−1




	(b)

	
100%




	(c)

	
260 min






CANI

	(a)

	
TOF = 16 h−1




	(b)

	
100%




	(c)

	
370 min






TOL

	(a)

	
20 h−1




	(b)

	
100%




	(c)

	
300 min







	
--

	
TOF was investigated for the catalysts. Short reaction time was observed for sterically less hindered pollutants, while deactivation of electron-deficient DHC exhibited a longer time.In the case of nitroarenes, the presence of chlorine and alkyl branches does not influence the TOF of these pollutants as such.

	
[55]




	

	(a)

	
PSV@PNIPAM-PSS




	(b)

	
Ag NPs






PSV@PNIPAM-PSS/Ag NPs

	
Heterogeneous

Core@grafted shell supplied with NPs

	
Four steps:

	(a)

	
PS core via emulsion polymerization.




	(b)

	
PSV core via seeded soap-free emulsion polymerization.




	(c)

	
PNIPAM-PSS via PIMP




	(d)

	
Ag NPs via in situ reduction of salt







	
4NP

	

	(a)

	
0.2 mM (1.5 mL)




	(b)

	
  43   μ  L




	(c)

	
20 mM (1.5 mL)







	

	(a)

	
  ~  0.0048 s−1 at 50 °C




	(b)

	
100%




	(c)

	
100 s







	
PFO

	
Surface-initiated PIMP methodology was utilized that was effective in the fabrication of grafted morphology of these catalytic assemblies. The interactions (hydrogen bonding and hydrophobic interactions) developed by the assembly with the dye were found to modulate the rate of the reaction.

	
[56]




	

	(a)

	
PSV@PSS-PNIPAM




	(b)

	
Ag NPs






PSV@PSS-PNIPAM/Ag NPs

	
Heterogeneous

Core@grafted shell supplied with NPs

	
Four steps:

	(a)

	
PS core via emulsion polymerization.




	(b)

	
PSV core via seeded soap-free emulsion polymerization.




	(c)

	
PNIPAM-PSS via PIMP




	(d)

	
Ag NPs via in situ reduction of salt







	
4NP

	

	(a)

	
0.2 mM (1.5 mL)




	(b)

	
  46   μ  L




	(c)

	
20 mM (1.5 mL)







	

	(a)

	
  ~  0.0034 s−1 at 50 °C




	(b)

	
100%




	(c)

	
100 s







	
PFO




	

	(a)

	
PNIPAM-MAC




	(b)

	
Ag NPs/Ni NPs






PNIPAM-MAC/(Ag/Ni NPs)

	
Heterogeneous

core@shell

CoP

Bimetallic assembly

	
Two steps:

	(a)

	
PNIPAM-MAC via FEPol.




	(b)

	
In situ reduction of salts for simultaneous formation of Ag NPs and Ni NPs







	
MO

CR

EBT

MR

	

	(a)

	
0.80 mM of substrate




	(b)

	
  85.71   μ  g/mL




	(c)

	
9.65 mM







	
MO

	(a)

	
0.925 min−1




	(b)

	
100%




	(c)

	
10 min






CR

	(a)

	
0.486 min−1




	(b)

	
100%




	(c)

	
10 min






EBT

	(a)

	
0.540 min−1




	(b)

	
100%




	(c)

	
09 min






MR

	(a)

	
0.525 min−1




	(b)

	
100%




	(c)

	
09 min







	
PFO

	
The mechanism associated with the underlying reaction was found to be the Langmuir–Hinshelwood mechanism.

	
[57]




	

	(a)

	
PNIPAM-AAm




	(b)

	
Fe3O4 NPs and Au NPs






Fe3O4 NPs@ 3MSi@(PNIPAM-AAm)-EDTA@ Au NPs

	
Heterogeneous

Core@shell@shell

Surface-deposited Au NPs

	
Five steps:

	(a)

	
Fe3O4 NPs by co-precipitation




	(b)

	
Fe3O4 NPs@3MSi by the modification with TEOS and 3MSi




	(c)

	
Fe3O4 NPs@3MSi@(PNIPAM-AAm) by the grafting methodology-based polymerization




	(d)

	
Fe3O4 NPs@3MSi@(PNIPAM-AAm)-EDTA via amide bond modification




	(e)

	
Fe3O4 NPs@3MSi@(PNIPAM-AAm)-EDTA@Au NPs via in situ reduction of salt







	
4B4NB

1B2NB

1B3NB

1C4NB

1C2NB

24Dc1NB

4C12DNB

2NPM

4NA

2NA

5NB13DA

2MO4NA

3MO4NA

DM4NA

1M2NB

1M22DNB

1M24DNB

	

	(a)

	
1 mmol of substrate




	(b)

	
10 mol%




	(c)

	
1 mmol







	
4B4NB

	(a)

	
--




	(b)

	
97%




	(c)

	
20 min






1B2NB

	(a)

	
--




	(b)

	
93%




	(c)

	
45 min






1B3NB

	(a)

	
--




	(b)

	
90%




	(c)

	
40 min






1C4NB

	(a)

	
–




	(b)

	
84%




	(c)

	
20 min






1C2NB

	(a)

	
–




	(b)

	
80%




	(c)

	
40 min






24Dc1NB

	(a)

	
–




	(b)

	
87%




	(c)

	
24 h






4C12DNB

	(a)

	
–




	(b)

	
70%




	(c)

	
24 h






2NPM

	(a)

	
–




	(b)

	
92%




	(c)

	
6 h






4NA

	(a)

	
–




	(b)

	
93%




	(c)

	
40 min






2NA

	(a)

	
–




	(b)

	
80%




	(c)

	
50 min






5NB13DA

	(a)

	
–




	(b)

	
90%




	(c)

	
24 h






2MO4NA

	(a)

	
–




	(b)

	
75%




	(c)

	
24 h






3MO4NA

	(a)

	
–




	(b)

	
70%




	(c)

	
24 h






DM4NA

	(a)

	
–




	(b)

	
94%




	(c)

	
24 h






1M2NB

	(a)

	
–




	(b)

	
75%




	(c)

	
3 h






1M22DNB

	(a)

	
–




	(b)

	
60%




	(c)

	
24 h






1M24DNB

	(a)

	
–




	(b)

	
40%




	(c)

	
24 h







	
--

	
An excellent study documenting the variety of nitroarene pollutants was documented. The catalyst exhibited catalytic efficacy in the range of 45% to 95%. Depending upon the difficulty of the degradation, a variety of reaction times were observed. Moreover, the impact of swelling/de-swelling properties of the PNIPAM was utilized to modulate the rate of the reduction reaction. The reusability studies exhibited that the catalyst exhibited 95% reduction efficacy even after eight cycles of usage. The authors also studied the leaching effects of the Au NPs from the assembly, indicating that the synthesized catalyst possessed excellent capability for the effective fabrication of Au NPs.

	
[58]




	

	(a)

	
PSV@PMETAC-bPNIPAM




	(b)

	
Pt NPs






PSV@PMETAC-bPNIPAM/Pt NPs

	
Heterogeneous

core@shell

DSPB assembly

	
Four steps:

	(a)

	
PS core via emulsion polymerization.




	(b)

	
PSV core via seeded soap-free emulsion polymerization.




	(c)

	
PMETAC-bPNIPAM via surface-initiated PIMP




	(d)

	
Pt NPs via in situ reduction of salt







	
4NPNB

	

	(a)

	
–




	(b)

	
–




	(c)

	
--







	
At 25 °C

4NP

	(a)

	
0.00515 s−1




	(b)

	
–




	(c)

	
  ~  250 s






NB

	(a)

	
0.00410 s−1




	(b)

	
–




	(c)

	
  ~  250 s






At 50 °C

4NP

	(a)

	
0.00249 s−1




	(b)

	
–




	(c)

	
  ~  225 s






NB

	(a)

	
0.00268 s−1




	(b)

	
–




	(c)

	
  ~  225 s







	
PFO

	
Competitive reduction of both pollutants was carried out, and it was observed that the catalyst retains its selective reduction capabilities even during the simultaneous reduction of pollutants. The catalyst effectively degraded 4NP better in comparison to NB at a lower temperature, while the opposite trend was indicated for higher temperatures.

	
[59]




	

	(a)

	
PNIPAM/PAMP/VIM-AAc




	(b)

	
Ag NPs






PNIPAM/PAMP/VIM-AAc/Ag NPs

	
Heterogeneous

Layered reactors

	
Four steps:

	(a)

	
VIM-AAc layer (3rd layer) via FEPol




	(b)

	
PAMP layer (2nd layer) via FEPol




	(c)

	
PNIPAM layer (1st layer) via FEPol




	(d)

	
Ag NPs via in situ reduction of salt







	
DNPO

	

	(a)

	
  0.25   μ  mol/mL




	(b)

	
15 mg/mL




	(c)

	
0.01 g







	

	(a)

	
--




	(b)

	
92.61%




	(c)

	
70 min







	
--

	
The layered-designed catalytic reactor was developed, and it was identified that PNIPAM acted as a switch for improving/decreasing the catalytic efficacy of the reactor.

	
[60]




	

	(a)

	
AB-PNIPAM




	(b)

	
CD-Au NPs






CD-Au NPs@AB-PNIPAM

	
Heterogeneous

Core@grafted shell

	
Three steps:

	(a)

	
CD-Au NPs core using in situ reduction of salt




	(b)

	
AB-PNIPAM via FEPol.




	(c)

	
Grafting of the polymers on NPs via incubation procedure







	
4NP

	

	(a)

	
  200   μ  L




	(b)

	
  0.34   mg / mL   ( 2   μ  L)




	(c)

	
0.1 M (2.5 mL)







	

	(a)

	
0.0779 min−1




	(b)

	
--




	(c)

	
14 min







	
PFO

	
The authors elucidated that the polymeric materials selected for the formation of assembly are essential for the acquisition of high catalytic efficacy. The catalytic efficacy observed in the case of AB-PNIPAM was found to be less in comparison to the PNIPAM grafted assembly.

	
[32]




	

	(a)

	
PNIPAM




	(b)

	
CD-Au NPs






CD-Au NPs@ PNIPAM

	
Three steps:

	(a)

	
CD-Au NPs core using in situ reduction of salt




	(b)

	
PNIPAM via FEPol.




	(c)

	
Grafting of the polymers on NPs via incubation procedure







	

	(a)

	
0.106 min−1




	(b)

	
–




	(c)

	
14 min










	

	(a)

	
PS@PNIPAM-AAc




	(b)

	
Ag NPs






PS@PNIPAM-AAc/Ag NPs

	
Heterogeneous

core@shell

COP

	
Three steps:

	(a)

	
PS core via precipitation polymerization




	(b)

	
PNIPAM-AAc via seed-mediated precipitation polymerization




	(c)

	
In situ reduction of salt for Ag NPs







	
4NP

	

	(a)

	
0.069 mM




	(b)

	
  142.1   μ  g/mL




	(c)

	
12.1 mM







	

	(a)

	
  1.41   ×   102 s−1




	(b)

	
--




	(c)

	
180 s







	
PFO

	
Thermodynamic studies based on the Eyring equation were carried out for CRR of the 4NP via using the synthesized HMGs. The impact of VPTT was also investigated on the catalytic efficacy of these HMGs.

	
[61]




	

	(a)

	
PNIPAM-MAC@PNIPAM-HMABP




	(b)

	
Pd NPs






PNIPAM-MAC@ PNIPAM-HMABP/Pd NPs

	
Heterogeneous

core@shell

COP

	
Three steps:

	(a)

	
PNIPAM-MAC core via precipitation polymerization




	(b)

	
PNIPAM-HMABP via seed-mediated precipitation polymerization




	(c)

	
In situ reduction of salt for Pd NPs







	
4NP

	

	(a)

	
0.06 M




	(b)

	
  100   μ  L




	(c)

	
300 mM







	

	(a)

	
  9.2   ×   103 s−1




	(b)

	
--




	(c)

	
400 s







	
PFO

	
The recyclability studies revealed that the synthesized HMGs were quite effective for three usage cycles in terms of     k   a p p    .

	
[21]
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