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Abstract

:

Polymers are widely employed in several fields thanks to their wide versatility and the easy derivatization routes. However, a wide range of commercial polymers suffer from limited use on a large scale due to their inert nature. Nowadays, acrylate and methacrylate polymers, which are respectively derivatives of acrylic or methacrylic acid, are among the most proposed materials for their useful characteristics like good biocompatibility, capping ability toward metal clusters, low price, potentially recyclability and reusability. Here, we discuss the advantages and challenges of this class of smart polymers focusing our attention on their current technological applications in medical, electronic, food packaging and environmental remediation fields. Furthermore, we deal with the main issue of their recyclability, considering that the current commercial bioplastics are not yet able to meet the global needs as much as to totally replace fossil-fuel-based products. Finally, the most accredited strategies to reach recyclable composites based on acrylic polymers are described.
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1. Introduction


The design and development of new, highly efficient systems for food industry [1,2], electronic [3,4], information science [5,6] biomedicine [7,8] and environmental [9,10] applications constitute an important challenge. For such ambitious purpose it is mandatory to choose ecofriendly materials or recyclable ones, showing wide versatility in terms of structure and physicochemical properties [11,12].



Polymers represent one of the most promising candidates thanks to their high strength-to-weight ratio, stiffness, toughness, ductility and cost/effectiveness [13,14,15,16]. Moreover, they have a wide range of operating temperatures, high thermal/electrical insulation, good resistance to both corrosion and light. Furthermore, their relatively easy derivatization allows for a fine tuning of their properties [17,18]. Polymers can be synthetized employing several starting materials from petroleum to non-fossil ones. Bio-based compounds with unique chemical functionality can be obtained through selective transformations of plant and other non-fossil, biogenic feedstocks. Although substantial efforts have been made to replace polymers produced by fossil sources with ones made by green starting materials, the target has not been still reached [19,20].



Mechanical and thermal properties as well as porosity and wettability constitute the most important physical parameters to consider when designing the desired/required system. Different strategies are used to improve specific features of the polymeric materials for being responsive to optical, magnetic, electronic and biological effects [21,22]. Among them, the molecular functionalization in the micro- and nano-scale range was widely used to modify polymers morphology (size, shape etc), surface chemistry [23]. On the other hand, biocompatibility and biodegradation are fundamental properties for eco-friendly products, both to improve human life (i.e., scaffolds for tissue engineering) and for environmental preservation (i.e., suitable bio-package) [24].



Among the polymers family, polyelectrolytes are versatile materials characterized by a high amount of ionizable groups. Compared to uncharged polymers, polyelectrolytes possess relevant water solubility, capability to swell and form hydrogel by retention of a large amounts of water molecules and due to the ability to establish strong interactions with opposite charged macromolecules or surface [25]. Thanks to these properties, polyelectrolytes are largely employed as rheology and surface modifiers [26]. In addition, flat surfaces functionalized with polyelectrolyte multilayers can act as antimicrobial surfaces or as supports for tissue engineering [27,28]. These kinds of polymers are used in ceramic slurries as stabilizing agents [29], in concrete mixtures as superplasticizers [30] and in water treatment as flocculation agents [31]. The ability to interact at the atomic level with various types of active compounds made them suitable active colloidal supports for loading/release of drugs, proteins, enzymes, or pollutants as dyes, pesticides, humic acids and heavy metal ions [27,32]. Certainly, their properties are strongly correlated to the electrostatic interactions established in the polyelectrolyte solutions and thus depend on the pH value and ionic strength of the solution [25].



Polyacrylates and polymethacrylates derive from acrylic acid or methacrylic acid respectively; among them the most famous is poly(methyl methacrylate) (PMMA). The physicochemical properties of these materials strongly depend on the nature of the substituents in the side chain, while the polymerization occurs by vinyl group. The interest about them is due to their light transparency, elasticity, good weatherability and resilience, together with easy functionalization route, good biocompatibility and low cost [33]. Moreover, the poly(acrylic acid) and poly(methacrylic acid) (PAA and PMAA) and their corresponding salts are anionic polyelectrolytes with good hydrophilicity and greater ability to swell compared to the neutral polyacrylates or methacrylates [34,35]. All these features lead to the employment of these polymers in several fields from biomedicine to food industry, to environmental remediation and electronic applications. In the latter field, hybrid polyelectrolyte multilayers, obtained by layer-by-layer techniques, show the best performance in terms of sensor selectivity and sensitivity [27,36].



On one hand the long life of these synthetic polymers represents a great advantage, for instance in dental or cranioplasty implants [37]; on the other hand, their non-biodegradability is an issue with relevant environmental impact. To address this issue, modifications of the polymer structure or high performing recycle processes represent two valid ways to follow.



In this review, we first give a summary on the relationship between chemical structure and physical properties of acrylate or methacrylate polymer-based products. Then, we deeply investigate the recent applications of poly(acrylic acid) and poly(methacrylic acid) and of their corresponding sodium salts and methyl ester derivatives in a wide range of fields from biomedicine to food packaging, electronic, water treatment and, generally, for products and devices useful to improve human life and to ensure environmental protection.




2. Acrylate and Methacrylate Polymers: Structure and Properties


Polyacrylate and polymethacrylate are two families of differently functionalized vinyl polymers, constituted by acrylate or methacrylate monomers in which the vinyl group is involved in polymerization reactions, while the carboxyl group can be the target of a wide range of derivatization reaction. The chemical nature of the substituents in the side chain of the polymers plays a key role in the obtainment of the desired physicochemical properties [33]. Poly(methacrylic acid) (PMAA) was the first methacrylic polymer to be synthesized in 1880 while its methyl ester derivative, called poly(methyl methacrylate) (PMMA), which is nowadays the most employed methacrylate polymer, was obtained for the first time in 1928 and marketed in 1933 [38]. Since then, the derivatization of PMAA with several functional groups leaded to a wide variety of poly(n-alkyl acrylates) such as polyethyl, polybutyl, polyhydroxyethyl, polyhydroxybutyl acrylates and so on.



In a close relation with polymethacrylates, it is worth mentioning polyacrylates, which came from the lack of the methyl groups on the backbone of PMAA. Among them, the poly(acrylic acid) (PAA) and its corresponding methyl ester, the poly(methyl acrylate) (PMA), are the most used. Currently, either homo or hetero acrylate block copolymers are also widely employed.



The chemical structures of acrylic polymers mainly investigated in this review are reported in Figure 1. We will use throughout the manuscript the reported nomenclature, although it could be quite different from that used in the reviewed works. This is done since we are dealing with different chemical structures that sometimes are labeled in the same way.



PMMA is a linear chain polymer that appears macroscopically as an amorphous solid showing a good light transparency and hydrophobic nature, confirmed by the value of the water contact angle of ~68° [39,40]. The hardness or softness of PMMA is determined by the number of methyl groups in the chain, which influences the mobility of the polymer structure. At room temperature PMMA appears as a clear and hard plastic with a glassy aspect, commonly called “Plexiglass”. However, suitable chemical modifications that increase polymer chain mobility led to a white rubber material. PMMA has excellent dimensional stability and can be used in thin-wall applications (tensile modulus: 3171 MPa; tensile elongation: 5%; low mold shrinkage: 0.001–0.004, coefficient of linear thermal expansion: 4.1 × 10−5 °F−1). Moreover, it has good electrical insulation characteristics such as low dissipation factor (0.04–0.06) and high dielectric strength (100–300 kV/cm). Thus, PMMA can be used for high-voltage electrical insulation up to 20,000 V/mil [41,42].



The good biocompatibility and the easy functionalization strategies allowed a wide employment of PMMA in medical field. It can be fruitfully used as drug/gene nanocarrier or as constituent of medical devices (orthopedic implants, dentures or as reinforced material in ceramics), because it’s non-biodegradable in nature. Furthermore, the loading of antibiotic in PMMA matrix helps to reduce the risk of prosthesis infection, while the optical properties make it a good material for the fabrication of optical devices (implantable ocular or hard contact lenses) [33].



PMMA matrix has high extractivity as pertaining to both analytical reagents and analytes in solutions (i.e., solid-phase iodine) without losing its transparency. Thus, highly optically transparent PMMA plates are employed in the spectrophotometric determination of iodides and iodates, the main forms of iodine in food, which deficiency leads to several illnesses [43].



Differently to PMMA, PMA appears as a soft white rubbery material at room temperature, characterized by a lower glass transition temperature (10 °C instead of 105 °C). It is softer than PMMA because its long polymer chains are thinner and smoother and can more easily slide past each other. As a resin, PMA feels leathery upon touch and it is known to have high toughness and good flexibility and adhesion, an elongation of up to 750%, a tensile strength of 6.9 MPa and a refractive index of 1.479. Moreover, PMA shows a higher hydrophobicity than PMMA confirmed by the higher contact angle value of ~73° [39,44]. These peculiar properties together with a good biocompatibility [45] make it ideal for the fabrication of complex plastics with specialized purposes in biomedical, agricultural and electronic applications [46,47,48].



Finally, both poly(methacrylic acid) (PMAA) and poly(acrylic acid) (PAA) and their corresponding sodium salts (PMA sodium salt and PA sodium salt) are anionic polyelectrolytes widely employed to prepare three-dimensional structures, called hydrogels, by the addition of small amount of a suitable crosslinking agent. These polymers are classified as “super absorbent polymers” [49], because they can show a water-retention/mass-of-the-polymer ratio up to 500. The total absorbency and swelling capacity of the formed hydrogel depends on both the type and the amount of the crosslinking agent used. The formation of the hydrogel is due to the shape of the polymer obtained and its ability to establish strong interactions with water molecule (i.e., hydrogen bonds) [34,50]. These hydrogels showed bioadhesive, biocompatible and antibacterial properties due to their pendent carboxylic groups. Qi et al. reported a rigid and highly elastic semi-interpenetrating polymer network (semi-IPN) hydrogel made of a poly(acrylamide-co-acrylic acid) copolymer with salecan for oral insulin delivery [51]. Other interesting applications of these polyelectrolytes concern the industry for the waste liquid control, or their use in the medical disposal as diapers sanitary wares. Ultimately, another very promising field of application concerns construction industry where PA sodium salt is used to produce internally cured concrete. When subjected to harsh conditions, such material showed an enhancement of durability and strength performance compared with control samples [52].



The general physico-chemical properties of PAA are reported in Table 1 [53,54,55] in comparison with those already mentioned of PMMA and PMA.




3. Polymethacrylate: Applications


3.1. Poly(Methyl Methacrylate) (PMMA)


PMMA is an extremely transparent thermoplastic polymer, obtained by polymerization of the monomer methyl methacrylate (MMA). Due to its transparency, aesthetics and resistance to scratches, PMMA can be considered the light alternative to glass. For this reason, it is sometimes referred to as acrylic glass. PMMA is used as an alternative to poly-carbonate (PC) when the previous described features are required and high impact-resistant properties are not essential. These properties make PMMA the polymer of choice in the automotive, lighting, building, cosmetic and medical industries, as we will better describe below. Furthermore, PMMA can be polymerized in the form of microspheres (methacrylic beads) and, depending on the composition, size, glass transition temperature and molecular weight, PMMA beads can be used for various applications: (1) as a matting agent for thermoplastic compounds; (2) as a thickening agent for processes with cast methyl methacrylate and (3) as an additive for covering systems with various decorative effects.



Recently, the mechanical properties of PMMA were reinforced with methylcellulose (MC) [56]. PMMA/MC films can be reused after recovery, maintaining good mechanical properties similar to the original film. These films can be used as sustainable products and possess great potential as an alternative to petroleum-based polymer film products: they are easy to degrade, but with a tensile strength higher than the widely used printing paper, so they could be applied in the packaging material field.



PMMA-modified montmorillonite (MMT) nanosheets with grafted polymer chains of variable length were prepared and their mechanical properties (Young’s modulus, tensile strength, toughness and ductility) were evaluated via tensile testing. It emerged that the increase of the overall content of PMMA-grafted MMT resulted in a less ductile material (a decreased strain at break from 18 to 0.5 × 102%), so the Young’s modulus increases of almost two orders of magnitude (from 0.11 to 5.79 × 102 N mm−1) as reported in Figure 2a,b. On the other hand, varying the chain length of the grafted PMMA, a significant increase in toughness (from 1.9 to 20.3 × 106 J m−3, one order of magnitude with respect to the pristine material) occurs. In this case, the Young’s modulus and the tensile strength depend linearly on the surface-grafted polymer chain length [57] (see Figure 2c,d).



As is well known, the permeability and selectivity characteristics of polymeric membranes are influenced by the molecular structure of the polymer and by the final morphology of the asymmetric membrane, which ranges from finger-like to sponge-like voids. Some efforts are addressed to design innovative membranes for food packaging characterized by improved mechanical properties as well as increased permeability degree without compromising the gas selectivity. Due to its dense nature, PMMA-based membranes and the incorporation of inorganic materials, as additives to the polymer membrane (such as metal oxide nanoparticles), have a high potential for the separation of gas molecules, whose dimensions are of few nanometers [58].



Membrane-based technology is also a promising disinfection method in which microorganisms are retained without any harmful chemical treatment [59]. However, during membrane filtration process, the deposition of microbial cells (biofouling) occurs. PMMA/Ag membranes are effective disinfectants and work for a wide spectrum of bacteria and viruses. The addition of Ag nanoparticles within PMMA matrix induces an increases of membrane permeability, fouling resistance, mechanical and thermal stability, also improving self-cleaning and contaminant degradation properties. Thus, PMMA/Ag nanocomposite film prevents or inhibits growth of microbes, suggesting its use as an antimicrobial or antibacterial agent [60].



Conventional technologies of water treatment (such as sedimentation, adsorption and filtration) simply transfer the contaminants from one medium to another one, without destroying the pollutants. Unfortunately, some of these methodologies (such as reverse osmosis) have high operating and energetic costs [61]. Heterogeneous photocatalysis is one of the emergent and innovative methods for wastewater treatment. Photocatalysts in the powder form are highly efficient due to their high surface areas, even if nanoparticles can be extremely toxic to aquatic and human life. To overcome this limit, hybrid nanomaterials consisting of PMMA as base material, ZnO layers and Ag nanoparticles have been largely proposed. ZnO has been chosen for its great photocatalytic activity under UV light irradiation, easy growth, low cost and low environmental impact, while Ag nanoparticles were used as an electron scavenger and for its antibacterial properties [62,63,64]. This hybrid nanosystem is able to degrade several organic contaminants such as methylene blue (MB) dye, paracetamol drug and sodium lauryl sulphate (SDS) surfactant, as shown in Figure 3a,b.



Furthermore, it is easy to recycle and reuse (see Figure 3c,d), so that it can be considered suitable for purifying wastewater. This is a great advantage considering that currently one of the major technological obstacles is the recovery of the photocatalytic powders after the wastewater treatment [62].



As remarked in H2020 European Program, concerns about wastewater treatment from nuclear plants are recently increasing. For example, enormous amounts of radioisotopes have been spilled over into the soil and ocean. Hence, it is important to develop a technology for the reduction in nuclear waste along with an automation system to minimize exposure from radioactivity. Clean and quality drinking water is the current demand of undeveloped countries. Available water filters in the local market, like reverse osmosis and micro/nanofilters, are expensive, bulky, inefficient (not potable) and require electricity to operate. Hence, a rapid, potable (filtration rate of about 0.2 L/min is desirable) and cost-effective nanofilter, which does not need electricity to operate, must be engineered to filter the rain and sewerage water from salts, heavy metals and germs, also making it suitable for drinking. Elastic PMMA membrane added with dimethylformamide (DMF) and acetone are successfully synthesized. The resulting electro-spun membrane is tendbal and robust to resist filtration under high stress [65]. Recently, a new web-type electrospun-nanocomposite filter that can effectively adsorb radioactive contaminants was fabricated by Gu et al. [66]. The filter was produced by incorporating Prussian blue (PB) nanoparticles within PMMA nanofibers. PMMA is chosen due to its significant resistance to most environmental parameters. The PB/PMMA nanofiber filter showed the best removal capacity to Cesium (Cs) compared to other radionuclides and the removal efficiency value reached a maximum at pH 7.0. Furthermore, the authors demonstrated the feasibility of filter reuse in the recycling system. This study gives relevant data for future research activities regarding water purification technology through nuclear waste removal.



PMMA surface was recently modified by the atomic layer deposition (ALD) technique. Al2O3, ZnO and TiO2 thin films were deposited by ALD on the polymer surface, first improving and adding new functionalities to polymers and then opening to new opportunities for the surface engineering of high surface-area nanostructures. These PMMA hybrid nanocomposites showed wide versatility for several applications including, energy harvesting, dielectric layers and water purification [67,68].



PMMA is also widely exploited for biomedical applications thanks to its non-toxicity, good biocompatibility, minimal inflammatory reactions when in contact with biological tissues, high mechanical resistance and cheapness [69,70]. To both enhance bioactivity and reduce risk of surgical site infections, PMMA was combined with other materials [71]. Antibiotic-loaded PMMA are largely employed to prevent and treat orthopaedic infections, showing a higher efficiency compared to systemic antibiotic therapies as demonstrated in studies for primary joint replacement surgeries and for severe open fractures [72,73]. However, these delivery systems are poorly efficient to reach a suitable release rate which often decrease to lower dosing levels. The addition of drug-filled cyclodextrin (CD) microparticles into PMMA cement leads to a more efficient release (around 25%), together with a decrease of mechanical strength of PMMA (from 72.4 MPa down to 54.6 MPa). In details, Lu et al. loaded PMMA cement with CD microparticles, previously functionalized with PMMA chains, to reduce the mechanical loss observed with the only addition of unmodified CD microparticles. Moreover, an increase of working time (13.3%) and drug amount refilled (32.1%) in the modified CD loaded PMMA sample compared with PMMA cement were observed [74].



PMMA is one of the most common materials used for the preparation of removable dentures or cranioplasty implants. Studies revealed that the combination of PMMA with TiO2 nanoparticles allows to obtain a hybrid material with improved mechanical and physico-chemical stability together with antibacterial ability due to the presence of metal nanoparticles. The addition of TiO2 and CuO in PMMA matrix (at concentrations of 2.5% and 7.5%) led to systems with higher antibacterial activity. In particular, the system with the higher TiO2 concentration showed a significantly higher antimicrobial activity compared with the control group assessed against standard strains of yeast [75], as reported in Figure 4.



PMMA hydroxyapatite (PMMA-HA) composite is used to prepare implant materials for cranioplasty thanks to the osteoconductivity effect of HA and the mechanical strength and ease of handling of the PMMA. Shirdar et al. have prepared PMMA modified with HA nanofibers and 2D magnesium phosphate nanosheets, so accelerating bone healing and osseointegration. The authors demonstrated the improving of the cytocompatibility and optimum compressive strength of the nanohybrid composite compared to PMMA [76].




3.2. Polymethacrylic Electrolytes (PMAA and PMA Sodium Salt)


Poly(methacrylic acid) (PMAA) is a pH-sensitive polymer. At low pH value ≤ 5.5, the carboxylic acid groups are deprotonated and the polymer is kept in a collapsed state. Conversely, carboxylic acid groups at higher pH value are ionized and the PMAA chains assume an elongated rod-like conformation. The hydrophilicity and biocompatibility of the PMAA and the corresponding sodium salt (PMA sodium salt), together with their ability to absorb water molecules and swell, make these polyelectrolytes interesting materials for biomedical applications.



Josué A. Torres-Ávalos reported the synthesis of poly(methacrylic acid-co-butyl acrylate) grafted onto functionalized carbon nanotube (CNTs). The authors evidenced that both the presence of CNTs and the change in the inter-associated to self-associated hydrogen bonds balance strongly influence the hydrocortisone release [77].



Best et al. were able to control the mechanical properties of PMA sodium salt hydrogel particles by varying the cross-linker concentration (from 0.1 to 2.0 mg/cc) [78]. In such a way, they tuned the corresponding Young’s modulus between 0.04 and 2.53 MPa and the stiffness of the particles from 1.6 to 28.4 mN m−1. They found that the dependence of the concentration of cross-linker added with respect to the quantity of adsorbed polymer follows a Langmuir isotherm. Moreover, we observed that this relationship linearly correlates with the particle mechanical properties. This is considered a pioneering work for the design of innovative soft microparticles particularly useful for biomedical applications.



Shimoni et al. prepared rod-shaped layer-by-layer (LbL)-assembled polymer hydrogel capsules by using silica particles as templates for LbL, with various aspect ratios (ARs) ranging from 1 to 4. By templating spherical and rodlike silica particles, they were able to synthetize disulfide-stabilized PMAA hydrogel capsules (PMAA HCs) [79]. To investigate their behavior at cellular level PMAA HCs were fluorescently labeled by using two reactive dyes, which one is Alexa Fluor 633 C5 maleimide (AF633). A quantitative analysis about the internalization in HeLa cells of AF633-labeled PMAA HCs was performed by using imaging flow cytometry (Figure 5). As shown in Figure 5, an increase in capsule AR induces a decrease of internalization efficiency of the capsules. Then, it can be affirmed that AF633-labeled PMAA HCs with higher ARs content have a higher tendency of binding to the cell surface, rather than being internalized. The present results point out the peculiar role of ARs on cellular processing, paving the way for an innovative use of LbL capsules for biological applications.



The capability of PMAA to swell in aqueous media was employed to improve the stability of hybrid dental adhesive constituted by Na-MMT nanoclay and silica nanoparticles, where the height density of Na-MMT platelets induces a fast sedimentation process. The polymer chains of the PMAA grafted on the nanoclay surface swell in water environment leading to a separation among the nanoclay platelets, which induces a decrease of the density of the system (being the density of Na-MMT of 2.86 g cc−1 and that of the dental bonding system of 1.09 g cc−1), to the increase of the dispersion stability (from 1h to several hours). Moreover, the carboxyl groups of PMAA interact with the Ca2+ ions of the hydroxyapatite in dentin, so improving the adhesive strength [80].



The ability of these carboxylic groups to interact with inorganic nanoparticles or bioactive molecules was also used to prepare carrier systems based on methacrylate polyelectrolytes. Lumbreras-Aguayo and co-workers covalently functionalized cotton gauzes with PMAA to reach medical wound dressings with antimicrobial (see Figure 6) and drug delivery properties [81].



PMAA plays a key role in this medical device because the formation of hydrogen bonds between the carboxyl groups of PMAA and water molecules increases the ability of swell exudates. PMAA cotton gauzes showed superior loading capacity compared with unmodified cotton gauzes (from being negligible up to about 2.5 mg/g for the modified cotton gauze sample with 180% of PMAA), resulting from the formation of hydrogen bonds between carboxylic acid groups of PMAA and the selected drug, along with the swollen state of the grafted PMAA hydrogel, which favors a rapid drug-uptake. The mechanical properties of polymethacrylate hydrogels also endow of a flexibility in the texture structure and a decrease of adhesion formation.



Nowadays, stimuli-responsive controlled-release systems received great attention due to their higher therapeutic efficacy compared to sustained release systems. The possibility to drive the drug release, through either endo/exogenous stimuli at the specific target, reduces the side effect, in turn, enhancing the beneficial for patients [82]. Thanks to the ability to change upon variations in the pH and ionic strength, PMAA is used to prepare pH responsive materials able to protect the bioactive molecules and release them at the target site, improving their bioavailability. Poly(methacrylic acid-co-ethyl acrylate) 1:1 copolymer, called Eudragit L30-D55, is widely employed in pharmaceutical industry thanks to its ability to dissolve above pH 5.5 and keep intact below this pH value [83]. This behavior is due to a change of ionic state as a function of pH variations. A strong electrostatic repulsion occurred among the carboxylic groups leading to the dissociation process at pH > 5.5. On the contrary, at pH < 5.5 the carboxyl groups are protonated (–COOH) and weak electrostatic repulsion between the polymer molecules occurs, so the structure remains intact. Pool et al. [84] employed Eudragit L30-D55 to delivery catechin by the oral route. This biomolecule has several biological activities, but its low water solubility, rapid degradation in the acid environment of stomach, poor absorption by epithelium cells and low overall bioavailability limit its use. Looking to the cumulative release of catechin upon pH variations, the role of the poly(methacrylic acid-co-ethyl acrylate) copolymer as smart carrier is clear. It is able to protect the catechin by the acidic environment of the stomach. Indeed, at low pH (2.5) a slow drug release was detected (about 7%); conversely, the neutral environment of duodenum induces the deprotonation of carboxylic groups with a rapid drug release up to 97% [84].



Polymethacrylate electrolytes are also used to prepare light stimuli responsive systems based on noble metal-polymer framework, due to their ability to act as capping agent towards metal clusters. Corsaro et al. developed light responsive drug nanocarriers, based on PMA sodium salt and Ag nanoparticles (see Figure 7a) by a green approach [85,86]. The noble metal nanoparticles were prepared by radiolysis process of water: the reactive species reduce the metal ion (Ag+) to zero valent state (Ag), which are stabilized via interactions with carboxylic functional groups of PMA sodium salt and act as capping agent. The small size of the obtained nanoparticles and their high colloidal stability up to three months prove that the polyelectrolyte avoids further nanoparticles aggregation after photoreduction treatment (see Figure 7b).



The drug release process (Figure 7c,d) under irradiation stimulus is allowed by a reorganization of the polymeric matrix due to a hydrogen bonding dissociation process, while the increase of the temperature (up to about 60 °C) induces the aggregation of hydrophobic moieties. This is followed by the expulsion of water molecules by the PMAA network succeeded by the breakdown of polymeric structure [85].



Ag-PMA sodium salt nanohybrid system, obtained by a photoreduction process, was also employed by Bonyani et al. to produce an ammonia gas sensor [87]. The good distribution of Ag nanoparticles in the polymer matrix leads to a best electrochemical sensing performance (sensitivity of 130 mA mM−1 cm−2) with respect to large agglomerates of Ag nanoparticles.



Today, the main negative impact of plastic presence in aquatic environmental is associated with the antibiotic-resistant bacterial strains [88,89,90]. Biofilms are difficult to remove as they have specific defense mechanisms against antimicrobial agents. Hence, antimicrobial surfaces must repel bacteria before they can settle to form a biofilm. An interesting antimicrobial activity is shown by the block copolymers PMMA-b-PMAA against S. aureus, E. coli and P. aeruginosa. This activity only depends on the PMAA content and was not influenced by the copolymer-partner PMMA. In this system, the methacrylic acid groups have a bactericidal effect beside their known adhesion reducing effect [91]. A high amount (about 40 wt.%) of PMAA in the polymer creates a hostile microenvironment for bacteria, causing the death of the microorganisms. The non-leaching acidic surfaces with antimicrobial properties do not need heavy metals or other toxic substances, interesting features for medical, public service and food packaging applications. In addition, a PMAA/montmorillonite (MMT) hydrogel nanocomposite (PMAA/nMMT) acted as an efficient sorbent for sequestration of pharmaceutical contaminants. Specifically, economic feasibility, better sorption capacity (152.65 for AMX and 152.86 mg/g for DF) and efficient regeneration and reusability even after four consecutive sorption−desorption cycles make PMAA/nMMT as a potential sorbent for amoxicillin and diclofenac uptake from the aqueous phase [92].



Liu et al. have prepared chitosan poly(methacrylate) composites, containing methacrylic acid fragments, to adsorb bromocresol green (BCG) from aqueous solutions [93]. Bromocresol is used as a pH indicator and as a tracking dye for DNA agarose gel electrophoresis. It is stable and not easily degradable for its complex aromatic molecular structure, therefore it has an impact on the aquatic life and food web even in low concentrations. The authors have found that the adsorption percentage of bromocresol green with chitosan poly(methacrylate) composites remained above 97% after three times of recycling test (see Figure 8). The best performance was observed at pH 2; at this value a decrease of positive charge of BCG is expected, favouring electrostatic attraction and absorption of BCG onto the chitosan poly(methacrylate) surface. At pH > 2.0 a decrease of absorption efficiency was observed due to an electrostatic repulsion between BCG and anionic surface of absorbent composite [93].





4. Polyacrylate: Applications


4.1. Poly(Methyl Acrylate) (PMA)


Acrylate polymers such as PMA, bearing hydrophilic ester pendent groups on the hydrophobic backbone, can easily form stable monolayers at the water surface due to their amphiphilic nature. PMA monolayers show expanded-type isotherm (i.e., the surface pressure detected at a large surface area which slowly increases with decreasing of the area per repeated unit occupied on the surface). Otherwise, PMMA isotherms are the condensed-type ones, featured as the fastest increment in the surface pressure. Comparing PMA with PMMA structure, it emerges that the α-methyl group (α-CH3) exerts a significant impact on the poly(acrylates) interfacial behaviour [94]. These differences affect the structure–property relationships of the polymer monolayers at a liquid interface and, in turn, their performance in some technological applications, as described below.



The importance to reduce the food waste is essential to fight the increasing request of food and the huge amount of resources consumption that such problem entails. With this aim, the development of new, compatible sensors to monitor the food quality and its degradation plays a pivotal role. In such sense, one of the markers correlated to the starting of food degradation is acetone. By observing the good solubility of PMA in acetone, Horst and coworkers developed a brush PMA-based sensor for the detection of acetone in gas [95] (see Figure 9a). The solvation of PMA is probably due to dipole interactions between the ester functional group of the polymer and carbonyl group of acetone molecules. An increase of the weight to 33% was found, which is comparable to the one reported for PMMA (30%) in a previous work [96]. Considering that PMMA and PMA have the same ester moiety, the obtained result confirmed the supposed solvation process. The response of the brush PMA to acetone vapor occurs in few seconds and reached the equilibrium within 40 min (see Figure 9b,c), differently from spin coated-polymer films which required from several hours to days [97]. The authors also demonstrated that the swelling ratio is independent by the polymer length and grafting density, which is important for the large-scale applications.



The low glass transition temperature (Tg) of PMA, correlated to the good chain mobility, makes it an interesting material as polymer membrane in quasi-solid electrolyte for Dye-Sensitized Solar Cells (DSSC). It was demonstrated that, for amorphous polymer electrolytes, the ionic conduction is confined above their Tg. This highlights the pivotal role of the chain mobility in the conductivity mechanism: by enhancing the chain mobility the ionic conductivity is improved. Gelled PMA showed a light to electricity conversion efficiency of 7.17%, significantly higher compared to other polymers with higher Tg values. In this way, Fathy et al. prepared PMA nanofibers membrane to form quasi-solid state DSSCs. Thanks to the easy crossing of liquid electrolyte through the pores of membranes, a high ionic conductivity of 2.4 × 10−3 S cm−1 at room temperature and a solar-electricity conversion efficiency of 1.4% at an illumination intensity of 100 mW cm−2 were evaluated. The electrolyte solution was well encapsulated within the membrane structure with a better long-term stability compared to standard liquid electrolytes [98].



PMA is also a well known cold flow improver (CFI) used to overcome the problem about the block of the fuel pipe and filter of the diesel engine when biodiesels are employed. Biodiesels contain saturated fatty acid methyl esters which easily crystalized or gelled at low temperatures due to their high-melting point [99]. Adding very small amount of PMA (0.04%) to biodiesel is an efficient and economic strategy to lower the cold filter plugging point of oils [100]. This tiny quantity of added PMA reduced the biodiesel pour point and cold filter plugging point of 8 and 6 °C, respectively. Essentially, PMA influences the crystallization process, avoiding the formation of crystals larger than few microns at temperatures of −10 and −20 °C [101]. We outline the best performance of PMA in comparison with other CFI agents reported in literature [102,103].



To guarantee the uniform dissolution of PMA in biodiesel, considering its high viscosity, Xu et al. mixed PMA with Span80 dispersant agent at different mass ratios (1:0, 4:1, 2:1, 1:1, 1:2, 1:4 and 0:1). The best result was reached at 2:1 mass ratio with a decrease of 7 °C cold filter plugging point compared to biodiesel with pure PMA (4 °C) [104].



Disinfectant medical nanocapsules are prepared by using PMA. Tanpantree et al. demonstrate that the average size, shell thickness and encapsulation efficiency of the chlorhexidine digluconate (CHD)-PMA nanocapsules were significantly improved when PMA, with an average molecular weight (Mw) of 550 k, was used as shell material. The encapsulation efficiency of the CHD-PMA nanocapsules, dispersed in 0.5% w/v sodium dodecyl sulfate aqueous solution, was greater than 90%.



The need to control and reproduce in vitro models of Fibronectin (FN) networks including new synthetic materials able to serve as bio-inspired scaffolds for tissue engineering, has driven the efforts for the identification of cell-free routes able to induce FN fibrillogenesis. Adsorption of individual FN molecules onto specific surface induces exposure of self-assembly sites to lead FN fibril assembly process. FN showed an interesting different distribution on PMA and poly(ethyl acrylate) (PEA), that differ only by one methyl group in the side chain, giving substrates with similar physico-chemical properties. FN forms globular aggregates on PMA surface; conversely, an interconnected network on PEA was observed. The higher coverage of FN on PEA surface was confirmed by contact angle measurements. Indeed, a higher contact angle hysteresis of FN on PEA surface due to an estimated stronger decrease of the receding angles compared to FN on PMA, (about 90° compared to 65° on PMA, for concentrations greater than 5 mg/cc). In the latter case, FN keeps a globular conformation. These data outlined the potentiality of alkyl acrylate polymers as chemical surfaces to generate FN fibrils where the increasing formation of a FN network on PEA led to higher levels of myogenesis; instead, a gradient of globular FN molecules on PMA did not alter cell differentiation. Thus, PMA was efficiently used as a control polymer [105,106].



PMA and PEA polymers were also suitable substrates to promote cell attachment and proliferation of Schwann cells (SCs) in vitro compared to other more hydrophilic polymers. Soria et al. observed an inverse correlation between cellular colonization with wettability [107]. This could be explained considering that the adsorption process is driven both by several kinds of non-covalent interactions, which take place between the extracellular matrix (ECM) proteins and the polymer surfaces and by entropy, involving the release of bound water molecules from the proteins while they unfold to be adsorbed on the polymer surface. Certainly, the second mechanism favours materials with hydrophobic character, whereas the interplay of both mechanisms influences the amount of the adsorbed proteins and their conformation. All these characteristics explain the better performance of both PMA and PEA compared to hydrophilic polymers like poly(hydroxyethyl acrylate) (PHEA). So, favourable substrates able to promote SC attachment, maintaining their morphological characteristics [107], are provided (see Figure 10). Therefore, PMA and PEA could be used for the fabrication of more complex scaffolding structures for peripheral nervous system repair and tissue engineering applications.



Wu et al. [108] have investigated the effect of the surface structure of SiO2 particles, treated with polysiloxanes with similar chain length (KH550, KH560 or KH570), on the mechanical characteristic and water vapor permeability of a poly(methyl acrylate)/SiO2 nanocomposites. PMA/KH570-SiO2 and PMA/KH550-SiO2 showed the highest tensile strength (Figure 11a) and elongation at break (Figure 11b) at the same filler content. Instead, KH550-SiO2 spheres significantly improve water vapor permeability (Figure 11c) of polyacrylate film. This is explained taking into account the different hydrophilic and hydrophobic surface of SiO2 and mainly since the different functional groups on the SiO2 surface leads to different interfacial interactions with PMA, from which the different mechanical properties. Finally, the water absorption of PMA/KH550-SiO2 and PMA/KH560-SiO2 (on the contrary of PMA/KH570-SiO2, composite films) is higher than that of PMA (Figure 11d).



Rahman et al. [109] proposed PMA-grafted and poly(acrylonitrile)-grafted cellulose for wastewater treatments. The pure cellulosic materials were extracted from waste fibers and then modified by free radical grafting reaction. The obtained materials show up to 98% and 90%, respectively, removal of copper and other metal ions, which are promising results mainly for industrial wastewater.



Polymer-based food packaging is composed by a multi-layer system where a layer acts as a barrier against gas diffusion. The low-density polyethylene (LDPE) is one of the most used technical commodity polymers since it provides excellent barrier properties against moisture as well as low barrier characteristics against oxygen and flavour; characteristics necessary to keep the product fresh ensuring the consumers safe. Nevertheless, some efforts are made to engineer new innovative multi-layer composites. Linear PMA has been grafted to montmorillonite (MMT) nanosheets via a surface-confined grafting-through Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization. The topology of the grafted PMA has been altered from a linear to a mixture of star-shaped and linear PMA. In some cases, PMA has been cross-linked through the addition of hydrogen bonding sites within a small proportion of the monomer units. Specifically, three different coatings were applied and compared: nanosheets grafted with linear PMA (MMT-PMAL), a mixture of star and linear PMA (MMT-PMAS) and with linear PMA that contained 2.6 mol% of carboxyethyl acrylate, a hydrogen bonding comonomer (MMT-PMAHB). The authors found that the gas permeability can be controlled through the coating’s thickness (see Table 2) and that the polymer-grafted MMT nanosheets, cast to the surface of Low-density polyethylene (LDPE), form a μm-thin coating which effectively decreases gas diffusion [110].




4.2. Poly(Acrylic) Electrolytes (PAA and PA Sodium Salt)


Poly(acrylic) electrolytes are largely applied thanks to their specific chemical features. For example, the differences observed between poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA) are correlated to a transition from a rather compact coil to an extended one, occurring during ionization in the case of PMAA. All these differences are ascribed to the presence of hydrophobic methyl side groups in the PMAA chain. However, there is still some unresolved question regarding the real nature of forces responsible for the compact PMAA structure at low ionization values. Really, a balance between cohesion forces, due to hydrophobic groups and repulsive coulombic interactions occurs. The conductivity of the PMA polyelectrolytes depends on the amount and the type of ions, in turn, affected by several variables such as polymer polarity, water content, salt/ions and hydrogel structure [111].



A growing interest is currently focused on the development of stretchable and soft conductive materials for electronic devices by modification of polyacrylic electrolyte. Conductive ionic hydrogels, which are easy to synthetize, cheap and biocompatible, have attracted much attention [112]; however, their low robustness limits their applications [113]. To overcome this issue, Wang et al. designed a gel fiber composed by PA sodium salt, which guarantees the electrically conductive and stretchability and sodium carboxymethyl cellulose (CMC), which contribute to improve fibers robustness [114]. The physical crosslinking structure between the soft polyelectrolyte (PA sodium salt, 4% weight) and the rigid polyelectrolyte (CMC, 1% weight), dissolved into water/DMSO mixture (water: DMSO 78:22 by weight), give rise to the hydrogel fibers. The last ones are covered with PMA, which acts as insulating material, protecting them by the breakup when they are immersed in liquid water, but also contributing to improve their strength (see Figure 12). PMA-covered hydrogel fibers show an ionic conductivity of ∼0.35 S/m slightly lower than that of uncovered fibers (∼0.55 S/m) and the electrical conductivity is kept also after stretch tests, demonstrating their potentiality as stretchable-conductive based fibers in electronic devices.



To replace commonly liquid electrolytes, great interest is focused on the design of solid polymer electrolyte (SPE) thanks to their ease of manufacturing, wide operation temperature range, low volatility, high energy density and so on [115,116]. In this field, PAA is an interesting material because it has high charge density due to the carboxylic groups, high stability both in acid and basic media and strong adhesive properties [117]. Certainly, the ionization degree depends on the pH value: in acid media, the PAA has a low charge density due to the low dissociation degree; conversely, at pH > 5 the carboxylic groups are deprotonated, resulting in high polymer ionization, which allows to establish hydrogen bonds, electrostatic interactions and coordination with metal nanoparticles. Moreover, it showed high ionic conductivity and high electrochemical stability [118].



Abu Saied et al. grafted PAA onto plasma-activated poly(vinyl chloride) (PVC) membrane surfaces, reaching a membrane with a strong hydrophilic surface due to the carboxyl groups of PAA. The authors proved that the thermal decomposition of the PAA-PVC membrane does not start below 250 °C [119]. As expected, after the addition of PAA a considerable increase of ion exchange capacity was detected (from about 0.03 up to 0.12 mmol/g) together with an improvement of the polar solvent uptake (from about 6 up to 25% for water). Hosseini et al. [120] fabricated polyacrylic acid copolymer polymethyl methacrylate/PVC (PAA-co-PMMA/PVC) based heterogeneous cation exchange membranes using graft polymerization technique. Increasing the ratio of emulsifier to monomers improved the ion exchange capacity and the electrochemical properties of these composite membranes. Moreover, in recent studies on thermoplastic ion exchange membranes, the effects of incorporating magnetic nanoparticles (CoFe2O4) and bis(8-hydroxyquinoline)zinc (ZnQ2) nanoparticles in PVC matrix on membranes morphology, swelling, transport number and permselectivity were reported [121].



Khan et al. developed polymer hydrogel based on PAA and LiClO4 salt at four different molar concentrations (0.5 M, 1 M, 1.5 M and 2 M) [122]. The carboxylate anion groups of PAA interact with the Li+ ions forming a double complex network. Moreover, the ability of carboxylic groups to establish hydrogen bonds with water molecules provides flexible and stretchable hydrogel electrolyte. The authors investigated the electrochemical performance of the fabricated cells (activated carbon/PAA-LiClO4/activated carbon) and found the best results when the LiClO4 concentration is 1.5 M. In particular, a maximum specific capacitance of 115 F g−1 at 3 mV s−1 and 132.20 F g−1 at 50 mA g−1, with an energy and power density of 18.36 Wh kg−1 and 1000 W kg−1, were respectively evaluated. These results point out the potentiality of PAA-LiClO4 hydrogel electrolytes as a competitive system for application in supercapacitors.



The intercalation of redox active units in electrolytes enhances the capacitance of the capacitor device. Cevik and co-workers prepared a low-cost supercapacitor by a redox mediated PAA matrix [123]. The authors intercalated different amount of cobalt (Co) into PAA-based electrolyte (3, 5, 7 and 10 correspond to the doping fraction (w/w) of Co in PAA) and the so obtained redox activated polychelates (PAA-Co) are stabilized by the ionic interaction between Co2+ and the carboxyl groups of the polymer. All samples are characterized by good flexibility at four different bending states (flat, 30°, 90° and 150°, see Figure 11a), thermal stability with no weight change up to 100 °C and an optimum high ionic conductivity of 3.15 × 10−4 S cm−1. The electrolytes were used to prepare flexible supercapacitors, which showed significant capacitance retention of 90% up to 10.000 cycles and good cycle robustness up on bending at various angles (see Figure 13b–f). The best electrolyte, which contains a 7% table (w/w) of Co, showed a capacitance of 341.33 F g−1, an energy density of 21.25 Wh kg−1 at a power density of 117.69 W kg−1. So, it was used to prepare a supercapacitor which successfully operated the red-blue-green (RGB) LED light (Figure 13h).



For the first time, Al Munsur and co-workers [124] prepared Nafion-based proton-exchange membranes based on crosslinked PAA and PVA. PAA is selected due to its water selectivity and permeability, while the crosslinking process is needed to avoid the water dissolution of the PAA-based membranes. The authors worked at two different mass ratios (PAA-PVA-Nafion, 2.5:2.5:95 or 5:5:90) and found that the best performances are reached at the 2.5:2.5:95 PAA-PVA-Nafion mass ratio. This membrane is characterized by a cylindrical morphology, leading to an improvement of thermal, mechanical and dimensional stability of the membrane. This system showed higher bound water content (90.7% of total water content) due to its good ability to retain water molecules compared to recast Nafion membrane (76.6%). Thus, the PAA-PVA crosslinked membrane showed significantly improved conductivity (about 180 mS/cm at 80 °C) and cell performance (maximum power density of about 1.2 W cm−2) compared to recast Nafion membrane (maximum power density of about 0.9 W cm−2). These data pointing out the potentiality of PAA-PVA-Nafion system for proton-exchange membrane fuel cell and proton-exchange membrane water electrolyzer (PEMWE) applications, overcoming the limits of Nafion, like proton conductivity and oxidative stability, which are not yet satisfactory [124].



Isailovíc et al. developed two electrochemical sensors based on PAA for measuring gaseous H2O2, a key molecule in several field from food production to biomedicine, including cosmetic and pharmaceutical industry [125]. One sensor is constituted by PAA sensing membrane deposited onto the commercial supporting screen-printed electrodes and the other one involves only a PAA sensing membrane (we outline that the other one’s working electrode is electrochemically pre-modified with MnO2). A good sensitivity in the low mg m−3 concentration range was evaluated with a detection limit of 3 μg m−3 and 2 μg m−3 for the sensors with and without MnO2, respectively. Both systems showed good selectivity towards H2O2 interfering gaseous compounds and a superior electroanalytical performance of the PAA sensor (see Figure 14), with the advantage of an easier preparation route. This sensitive and selective gas sensing system could be employed for several applications including environmental monitoring, clinical diagnostics, reduction of occupational health hazards and so on.



Thanks to its water-solubility, biocompatibility and interesting mechanical properties, PAA is also used to improve the tensile strength of several systems for bone tissue engineering. Cheng et al. have introduced PAA in PVA hydrogel to overcome the poor tensile strength and tissue adhesion typical of pure PVA hydrogels [126]. The cold-drawn technique employed by authors allows it to reach a PVA/PAA hydrogel strong interconnected by a high number of hydrogen bonds, resulting in excellent tensile strength close to one of natural cartilage (~17 MPa, [127]). The addition of PAA improves the interfacial adhesion between the gel and tissue and influences the roughness of hydrogel surface leading to a biocompatible system with potential application as cartilage tissue substitute.



PMA is also used to improve the mechanical properties of calcium phosphate cement. To optimize the properties of bone cement for medical application, Thaitalay et al. studied the cement solution at different v/v% ratio of Na2HPO4 and PAA [128]. The best ratio was found to be 30:70 v/v% (PAA: Na2HPO4), improving the compressive strength and reaching a high cell viability, while the phase transformation is kept for bioactivity giving a suitable composite as bone substitution material.



Jiang et al. outline the key role of PMA to regulate biomineralization events. PAA can behave as non-collagenous proteins due to the high amount of carboxylic acid groups, regulating the hydroxyapatite (HA) formation [129]. They investigated the effect PAA on amorphous mediated HA crystallization process and observed an opposite trend at low (20–50 mg/cc) and high (60–90 mg/cc) PAA concentration. At the low concentration, PAA is mainly incorporated into amorphous calcium phosphate (ACP) and smaller ACP nanoparticles, which mediated the crystallization process. This gives several sites for HAP nucleation on ACP surface, promoting the crystallization process. Conversely, high amount of PAA covers the nucleation sites on ACP surface, changing the morphology of ACP and blocking the HA crystallization process. The ability of PAA to influence HA crystallization could be an interesting tool to regulate the development and the properties of bone substitutes [130].



Analogously to PMAA, PAA is used to prepare control drug delivery systems pH responsive. A hydrogel constituted by chitosan crosslinked with PAA and loaded with amoxicillin and meloxicam was prepared by Wang and co-workers. For this system, the drug release amount increases with pH (from 1.2 to 7.4) [131]. At lower pH values, the carboxylic acid groups of the PAA are almost protonated, establishing hydrogen bonds among them and, in turn, leading to a compact structure where the diffusion of water molecules is hindered. Otherwise, at pH 7.4, the carboxylic groups are deprotonated and their negative charges induce electrostatic repulsion between the PAA acid chains. Thus, the diffusion of water molecules inside the hydrogel is favoured stabilizing it. This phenomenon increases the swelling of hydrogel promoting the drug release process that can be explained by three main steps, as shown in Figure 15. The first step corresponds to the drug-loaded hydrogel containing a minimum amount of water. At this stage, the hydrogel exhibits the lowest flexibility, pores are small and drug mobility is modest (Figure 15a). In the second step, hydrogel relaxes due to increasing water hydration and becomes more flexible. Consequently, pores become larger and drug mobility enhances (Figure 15b). In the last step, the hydrogel is totally relaxed being completely hydrated; pores have their maximum size and the rate of drug diffusion from the hydrogel reaches the highest value (see Figure 15c).



Soliman et al. developed a cancer diagnostic imaging device based on polyethylene oxide–PAA nanogel, which is radio-labeled with the imaging radioisotope 99mTc (metastable nuclear isomer of technetium-99) and then conjugated with folic acid, which act as targeting agent. Biodistribution data indicated a high selective uptake of the prepared complex in cancer muscle respect to the healthy one for both intratumor and intravenous injections, highlighting its potentiality as nanotheranostic device [132].





5. Discussion


In the last decade, the efforts of the scientific community are focused to prepare synthetic mimic nature and compatible polymeric based products to ensure the ecosystem survival. The majority of global plastics consists of synthetic polymer with carbon–carbon backbones whose low cost led to their massive use in virtually all commercial and industrial fields. However, their environmental persistence has resulted in a massive reservoir of plastic waste in the environment. The currently marketed bio-degradable plastics cannot still entirely replace fossil fuel-based plastics, even if they seem to be the only possibility to ensure the assimilation of the carbon-based degraded product as a food source for soil or aquatic microorganisms. Since the current state of the biodegradable plastics in the zero-waste-focused circular economy contest is not totally clear, great attention is focused on the recycling of traditional polymers, even if some characteristics of the polymers based on polymethyl acrylate unit really limit their efficiently and eco-friendly applicability in future. As described in the previous sections, PMMA has a low impact strength (thus, some impact modifiers must be used to improve this property) it has poor resistance to attack by ketones, esters, ethers, aromatic and halogenated solvents. All interesting properties make PMMA suitable for various applications requiring high hardness, even if limit its “destruction or conversion” at the end of the product’s life. In addition, PMMA costs more per pound than its competition and commodity thermoplastics such as polystyrene. This accounts for the lowest usage volume of PMMA (about 1.5 billion pounds per years) compared to 20 billion pounds per year for polystyrene. For all these reasons, PMMA is not easily recyclable and it is classified as a group 7 thermoplastic among recycled plastics [133].



No universal approach to energy-efficient thermoset recycling is adopted nowadays, even if many industrial realities are moving in this direction. For instance, as a result of the demand for sustainable packaging by end consumers, the industry is paying close attention to innovations that will allow for the recycling of materials used in the manufacturing of said packaging. An attractive circular polymer economy approach is to transform polymers back into monomers and purify them for repolymerization (namely, chemical recycling to monomer (CRM)). This is considered the most suitable approach in terms of the simplification of recycling procedures, energy cost and the preparation of sustainable polymeric materials with a broad range of physico-chemical properties [134]. For example, recyclable catalyst-free polymethacrylate networks containing dynamic dialkylamino disulphide linkages (namely BiTEMPS) are synthesized by Bin Rusayyis et al. [135]. The authors demonstrated that the reprocessable polymers with dynamic covalent bonds (both on step-growth polymer networks or based on full cross-link density recovery of reprocessable networks prepared from only monomers via addition polymerization) are characterized by thermoplastic-like properties.



In the last years, an EU-funded P2L project (https://cordis.europa.eu/project/id/856103, 10 December 2021) found a solution by recycling PMMA into its monomer unit MMA which can be reused, thus creating a circular economy for PMMA (see Figure 16). The technology is also affordable and environmentally friendly; therefore, it supports a profitable and sustainable PMMA economy [136,137].



This is a good approach to avoid the generation of any carbon-centered radicals during reprocessing which could lead to deleterious termination reactions and thus loss of cross-link density with reprocessing. Generally, from a recycling perspective, these systems should focus on the development of dissociative exchange mechanisms as they can allow a viscosity drop that is sufficient for (thermoplastic) reprocessing and separation of the matrix in polymer thermoset composite products [138].



Among the polymers available, PMAA is indicated as one of those viable for producing C-S-H/polymer complexes. For example, the addition of PMAA to calcium silicate hydrate (C-S-H) resulted in changes in structural packing and, in turn, an increase of the nanocomposite micro-nanomechanical properties. This is important for the production of materials that are more efficient in relation to the binding forces, thus improving the tensile strength, also avoiding cracking problems (i.e., for concrete and mortar widely used by the construction industry and/or teeth and bones reconstruction in biomedical applications).



To minimize the waste disposal problems, another proposed approach is to modify existing synthetic polymers by blending with a wide range of biopolymers. Among them, cellulose derivatives can be used being thermoplastics in nature, easy to process and thus can be blended with synthetic polymers. Further, cellulose derivatives are readily biodegradable by microorganisms that utilize cellulose enzymes, even if cellulose requires the presence of esterases due to the additional acetyl groups. Thereby, biodegradation could be induced in the synthetic polymer [139].



Beside that, the post-functionalization seems to be a good strategy to preserve the integrity of the polymer skeleton and to reach a new route for upcycling of adhesive and coating waste into value-added products. A good functionalization of sterically differentiated acrylate copolymers and polymeric chain ends was carried out by Hou et al. [140] by the 1,5,7-triazabicyclo[4.4.0]undec-5-ene (TBD)-catalyzed or metal-catalyzed transesterification of PMA and PMMA, combined with a reversible-addition fragmentation chain transfer. On the other hand, the controlled de-functionalization may also favour some polymers modifications: the elimination of pendant ester group in the PMA structure gives a linear hydrocarbon polymer with methyl pendants, which corresponds to polypropylene (PP). This reaction is performed by employing B(C6F5)3-catalyzed deoxygenation in presence of silane [141]. In addition, functionalized adsorbents could be obtained by grafting of acrylic acid, poly(propylene imine) dendrimer and acrylonitrile onto PP.



Specifically, the recycling of methyl acrylic polyelectrolytes could be based on a different principle. It is an issue still opened which must be treated together a greater understanding of the mechanism of polyelectrolyte complexation. Thermodynamic studies indicate that the entropy, due to release of counterions, is the key driving force for strong polyelectrolyte complexation. Moreover, entropic contributions dominate the free energy of complex formation for strong polyelectrolytes but are less important than energetic contributions when weak electrostatic coupling or weak polyelectrolytes occur. Specifically, the free energy of polyelectrolyte complex formation is driven by polymer association, which should also arise in systems with large charge spacings or bulky counterions, both of which act to weaken ion–polymer binding. Hence, a more complete understanding of these mechanisms could be fundamental to design appropriate polyelectrolytes recycling methodologies [142].



Temperature-responsive polymer brushes are applied for production of selective membranes, smart bioactive surfaces, separation systems, mechanical actuators and transducers [143]. For example, cholesterol-based polymers that have capabilities to create different self-assemblies in a broad temperature range and solvent regimes are used. Thermal and mechanical properties of poly(methyl methacrylate) are improved using mono-acrylated isosorbide as a bio-based monomer [144]. On the other hand, competitive (meth)acrylates and the corresponding polymers made from bio-renewable resources with a specific focus on lignocellulose are adopted [145]. Further, Stetsyshyn et al. [146] synthesized grafted liquid crystalline polymer brushes with cholesterol side chains poly(cholesteryl methacrylate), PChMa), which shows smooth temperature tuning of surface anchoring for a nematic liquid crystal (ZLI-4119, from EM Industries Inc., Hawthorne, NY 10532, USA) and, thus, useful for future liquid crystalline display production.



Although there are margins to introduce innovative, recyclable and recycled products based on methacrylate or acrylate polymers for the food industry and biomedical field, major challenges are facing in being cost-effective in the production of nontoxic nano-delivery systems, effective formulations that are safe for human consumption and drug treatments. Selectivity in this case remains a challenge that researchers have to solve, for example, through specific functionalization of the polymeric matrix. The effective implementation of recycling processing methods and their blending effects depend directly on the understanding of acrylic polymers behavior, blending techniques and properties. In this respect, challenges result from their sensitivity to varying factors during production, such as temperature-dependent effects and properties such as mechanical and chemical. Moreover, we should take into account that methacrylate- or acrylate-based blends are often dependent on the morphology, rheology and properties of the material blended. Hence, we considered it essential to analyze in depth the fundamental complexation and then recycling mechanisms, taking into account the multiple time-scale transient processes that take place under the different experimental conditions which, ultimately, determine the new polyacrylates properties.




6. Conclusions


In this review we thoroughly investigated the chemical structure, physical properties of methacrylate and acrylate polymers and their recent applications in several fields were discussed. We outlined the advantages of using these polymers and the suitable strategies to overcome their drawbacks with the aim to guide into their demand and future prospect. Thus, we hope that this review could be a support for the research to engineering innovative value-added products based on this class of polymers. This must be done considering the current state of the art and identifying the fundamental mechanisms to be still clarified for a decisive turning point to improve human and ecosystem life.
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Figure 1. Chemical structures of the poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA) and their corresponding sodium salts (PA and PMA sodium salt) and methyl esters (PMA and PMMA). 
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Figure 2. (a) Young’s modulus and (b) strain at break as a function of MMT content. (c) Young’s modulus and (d) toughness as a function of the chain length of the grafted PMMA. Adapted from Ref. [57]. 
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Figure 3. (a) Degradation of paracetamol (squares), paracetamol with ZnO/PMMA (circles) and paracetamol with Ag/ZnO/PMMA (triangles) as a function of irradiation time. (b) Degradation after 4 h UV radiation exposure for SDS, SDS with ZnO/PMMA and SDS with Ag/ZnO/PMMA. (c,d) Recyclability of ZnO/PMMA and Ag/ZnO/PMMA after five tests of MB (top) and paracetamol (bottom) photodegradation. Adapted from Ref. [62]. 
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Figure 4. (a) Means and standard deviations (n  =  5) of optical density of the study groups against different strains of Streptococcus and (b) Candida. Vertically within groups, different superscript lowercase letters indicate significant differences between groups in the same column (p  ≤  0.05), see Ref. [75] for details. Adapted from Ref. [75]. 
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Figure 5. Quantification of the internalization of AF633-labeled PMAA HCs in HeLa cells by imaging flow cytometry. The cells were incubated with capsules at a capsule-to-cell ratio of 100:1 for 6 h at 37 °C, 5% CO2. The degree of internalization is expressed as the internalization factor (IF). Each panel shows in the top corners insets an overlay of the bright-field and fluorescence images of cells for two representative areas: capsules bound with the cell membrane (negative IF) and capsules internalized within cells (positive IF). In addition, in each corresponding panel AFM images of PMAA HCs with various aspect ratios are reported. Adapted from Ref. [79]. 






Figure 5. Quantification of the internalization of AF633-labeled PMAA HCs in HeLa cells by imaging flow cytometry. The cells were incubated with capsules at a capsule-to-cell ratio of 100:1 for 6 h at 37 °C, 5% CO2. The degree of internalization is expressed as the internalization factor (IF). Each panel shows in the top corners insets an overlay of the bright-field and fluorescence images of cells for two representative areas: capsules bound with the cell membrane (negative IF) and capsules internalized within cells (positive IF). In addition, in each corresponding panel AFM images of PMAA HCs with various aspect ratios are reported. Adapted from Ref. [79].



[image: Materials 15 00282 g005]







[image: Materials 15 00282 g006 550] 





Figure 6. (a) Reaction scheme for modification of cotton gauzes with PMAA by free radical polymerization. (b,c) Antimicrobial activity for pristine and modified cotton gauzes against E. coli (b) and S. epidermidis bacteria (c). Reprinted with permission from Ref. [81]. Copyright 2019 Elsevier. 
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Figure 7. (a) Schematic representation of laser light inducing drug release from Ag-PMA sodium salt capsules. (b) UV-vis optical absorbance spectra of Ag-PMA sodium salt capsules at different UV irradiation treatments (black and red line) and after one month of storage (blue line) t. (c) The release percentage vs time and the corresponding best-fit performed using Weibull function (dashed lines). (d) The release speed as the Weibull derivative; some data are multiplied by the indicated factor for clarity. Adapted from Refs. [85,86]. 
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Figure 8. (a) Adsorption percentage of BCG onto poly(GMA-MAA-EDMA)-CHT vs time; (b) Pseudo-second-order kinetic model plots for the adsorption data reported in (a); (c) Effect of temperature on the adsorption of BCG onto poly(GMA-MAA-EDMA)-CHT. (All the shown trends refer to the following conditions: dosage of adsorbent: 10 mg, concentration of BCG: 5 μg cc−1, adsorption time: 40 min, pH 2.0). Adapted from Ref. [93]. 
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Figure 9. (a) Schematic picture of acetone sensing by brush PMA. (b) Swelling response of the dense brush after exposure to acetone vapor at t = 0 and to dry nitrogen gas at t = 53 min and (c) the measured change in oscillation frequency (fundamental) upon exposure to acetone vapor for a PMA brush versus a crystal with a brush as measured by quartz crystal microbalance. Adapted from Ref. [95]. 
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Figure 10. SCs cultured onto a P(EA-co-HEA) 90/10 substrate. Immunocytochemistry assays for the markers S100 (A), vimentin (B) and p75 (C); the arrow highlights a suitable cell viability of glial cells with cytoplasm extensions onto the synthetic substrate. (D) Scanning electron micrograph of cultured SCs with a usual spindled and shaped morphology and with cytoplasm extensions (white arrows). Double inmmunocytochemistry for S100 (E) and vimentin (F) show that almost all cultured cells (>95%) expressed both markers (G). Scale bar: (A): 50 μm, (B): 100 μm, (C): 60 μm, (D): 10 μm, (E–G): 50 μm. Reprinted with permission from Ref. [107]. Copyright 2007 Wiley Periodicals, Inc. 
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Figure 11. Effect of fillers on mechanical properties (a) Tensile strength, (b) Elongation at break, and on (c) water vapor permeability and (d) water resistance of composite films (0. PMA, 1. PMA/SiO2, 2. PMA/KH550-SiO2, 3. PMA/KH560-SiO2 and 4. PMA/KH570-SiO2). Adapted from Ref. [108]. 
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Figure 12. (a) Chemical structure of carboxymethyl cellulose (CMC), sodium polyacrylate (PAAS), PMA and polybutyl acrylate (PBA). (b) Preparation of conductive hydrogel fibers by gel spinning. Inserted image shows the photo picture of as-prepared PAAS/CMC fiber. SEM images of the surface of (c) PAAS/CMC fiber, (d) PAAS/CMC-PMA fiber and (e) PAAS/CMC-PBA fiber. The water resistance test of hydrogel fibers: (f) PAAS/CMC fiber web is quickly dissolved by liquid water, water droplets would not damage the hydrophobic PAAS/CMC-PMA fiber (g) and PAAS/CMC-PBA fiber (h). Red circles represent thorn-like structure indicating cratering effects after encountering liquid water. Adapted from Ref. [114]. Note that PAAS in this Figure corresponds to our PA sodium salt. 
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Figure 13. (a) Picture of flexible supercapacitor with different bending angles, (b) The CV of bent device with PAA-Co7 in different angles, (c) galvanostatic charge/discharge (GCD) profiles under different bending angles, (d,e) CV voltammograms of cells (1–3 cells) connected in series at a rate of 10 mV s−1, (f,g) comparison of GCD diagrams of cells with series and parallel connections, (h) picture of red-blue-green Light Emitting Diode (RBG LED) connected to charged supercapacitor. Reprinted with permission from Ref. [123]. Copyright 2021 Elsevier. 
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Figure 14. Cyclic voltammograms obtained at the MnO2/PAA (A) and PAA (B) sensors for successive increments of gaseous H2O2 concentrations in the range of 15–121 mg m−3 (voltammograms for 15, 68, 106 and 121 mg m−3 are shown) together with a background response (dashed line). The insets show the corresponding calibration plots. Reprinted with permission from Ref. [125]. Copyright 2021 Elsevier. 
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Figure 15. Schematic illustration of the process of drug release from hydrogel. Reprinted with permission from Ref. [131]. Copyright 2017 Elsevier. 
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Figure 16. PMMA depolymerisation chemistry. 
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Table 1. Overview about the physico-chemical properties of PMMA, PMA and PAA.
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	PMMA
	PMA
	PAA





	Glass transition temperature
	105 °C
	10 °C
	~103 °C



	Contact angle
	~68°
	~73°
	~22°



	Refractive Index
	1.491
	1.479
	1.527



	Tensile strength
	3171 MPa
	6.9 MPa
	~0.5 MPa



	Tensile elongation
	5%
	750%
	~340%
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Table 2. Average durations ∆t400→600mbar—the time difference between 400 and 600 mbar in the sample chamber—for LDPE-foils coated with MMT nanosheets modified with PMAL, PMAS or PMAHB. Errors are obtained as the standard deviation of at least three measurements. Reprinted from Ref. [110].
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	Sample
	Number of Coating Cycles
	∆t400→600mbar/min





	LDPE
	0
	38 ± 11



	LDPE + MMT-PMAL
	1
	79 ± 11



	LDPE + MMT-PMAS
	1
	74 ± 16



	LDPE + MMT-PMAHB
	1
	77 ± 8



	LDPE + MMT-PMAL
	3
	86 ± 4



	LDPE + MMT-PMAS
	3
	96 ± 8



	LDPE + MMT-PMAHB
	3
	104 ± 8
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