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Abstract

:

Hydrogels have gained significant popularity in agricultural applications in terms of minimizing waste and mitigating the negative environmental impact of agrochemicals. This review specifically examines the utilization of environmentally friendly, shapable hydrogels composed of polyvinyl alcohol (PVA) and polyvinylpyrrolidone (PVP) in various casings for crop protection against different pests, fertilizing, and watering. To activate their effectiveness, PVA/PVP hydrogels were loaded with both hydrophilic and hydrophobic environmentally friendly pesticides, namely hydrogen peroxide (HP), the essential oil thymol, and urea as a fertilizer, either separately or in combination. This review covers various physical and chemical approaches used for loading, shaping, and controlling the release profiles of pesticides and fertilizers. Additionally, it explores the evaluation of the chemical composition, structure, classification, rheology, and morphology of the hydrogels as well as their impact on the thermal stability of the encapsulated pesticides and fertilizer, followed by biological tests. These hydrogels significantly contribute to the stabilization and controlled release of essential nutrients and biocides for plants, while maintaining excellent biocidal and fertilizing properties as well as sustainability characteristics. By shedding light on the latest insights into the concepts, applications, and results of these hydrogels, this review demonstrates their immense potential for widespread future use in agriculture.
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1. Introduction


A hydrogel is characterized by a porous three-dimensional (3D) framework composed of hydrophilic polymers that can undergo swelling, effectively accommodating a large water content. Swollen hydrogels are sustained by chemical or physical cross-linking among constituent polymer chains, ensuring structural integrity. Qualification as a hydrogel requires that water constitutes at least 10% of the total weight (or volume). Hydrogels are systematically categorized into distinct branches. PVA/PVP hydrogels are constructed from two synthetic, nonionic, homopolymer chains that undergo physical or chemical cross-linking [1,2,3]. An extensive investigation was conducted on a physically cross-linking (via hydrogen bonds) PVA/PVP hydrogel. Gelation, for example, is initiated by freezing followed by thawing [4,5,6]. During this process, a phase separation occurs; the polymeric chains get closer to each other, forming denser polymer regions connected by entangled hydrogen bond interactions, resulting in a strengthened structure. Meanwhile, water migrates from different regions, forming separate water phases. Repeated freeze–thaw cycles enhance a hydrogel’s mechanical properties [7,8,9]. Strengthened hydrogels restrict the release of entrapped active molecules, significantly influencing release behavior [10,11]. The PVA/PVP ratio directly impacts various parameters, such as water content, absorption capacity, transmittance, and tensile strength [4]. Viscosity decreases with temperature, eventually leading to melting; therefore, it is reversible [12,13,14]. Hydrogen bonds are susceptible to heat. Upon reaching the boiling point of water, they dissolve back into their initial precursor solutions [15,16,17,18]. From a sustainability perspective, this holds significant implications, as the polymers can be reused, resulting in reduced waste that would otherwise accumulate in the environment. Yet, physical cross-linking alone does not always confer the requisite strength.



An alternative method for fabricating PVA/PVP hydrogels involves cross-linking by irradiation. Many studies effectively showcase the utilization of gamma and ultraviolet irradiation, as well as high-voltage electron beams, as viable means for cross-linking PVA [19,20] and PVP [21,22]. Some instances were documented where these methods were applied to create cross-linked PVA/PVP hydrogels [23,24,25,26]. The mechanism underpinning these approaches is rooted in radical formation through homolytic cleavage, leading to the creation of reactive sites. These radical sites propagate with other polymer chains, giving rise to the formation of robust covalent cross-linking that contributes to enhanced strength [27,28,29]. The degree of cross-linking is contingent upon factors such as the radiation source, its intensity, and exposure duration. Hydrogels subjected to irradiation exhibit distinctive features, including reduced pore size, heightened mechanical strength, diminished swelling capacity, and an extended release profile for encapsulated active molecules [23]. Nonetheless, it is important to note that irradiation can potentially result in degradation or adverse environmental effects on substances entrapped within hydrogels. For instance, the pesticide thymol and hydrogen peroxide (HP) were shown to be susceptible to the effects of irradiation [30,31].



Another avenue for covalent cross-linking involves a chemical approach, wherein a cross-linker covalently connects polymeric chains. Diverse types of linkers are utilized for PVA/PVP hydrogels. Prominent examples include formaldehyde, glutaraldehyde (GA), and derivatives, which have been extensively studied and their utility has been showcased in various domains, such as biomedical devices, biological applications, and industrial settings [32,33,34,35]. The cross-linking mechanism relies on the hydroxyl groups of PVA initiating nucleophilic attacks on the electrophilic aldehyde or derivative groups of GA. This process results in the formation of acetals, contributing to the establishment of covalent cross-linking [36,37]. The incorporation of these new acetal groups, derived from the cross-linker, significantly enhances strength and stability. The obtained hydrogel is inert, particularly in neutral conditions, unaffected by acidic environments [38,39]. The chemical cross-linking process can potentially introduce certain undesired side effects. The cross-linker might react with the encapsulated substances, forming byproducts [40,41], or unreacted residues of the cross-linker can persist, posing a toxic risk [42]. Furthermore, the outcome of this process is covalent bonds, which are inherently nearly irreversible [43,44].



Owing to their distinctive characteristics, hydrogels were identified as suitable for a wide range of applications. These include drug delivery, the creation of contact lenses, development of scaffolds for tissue engineering, wound healing, functional tissue generation, capturing dyes and heavy metals, pH and biosensors, supercapacitors, and spinal cord regeneration by injection [18]. Simultaneously, hydrogels gained recognition in agricultural contexts, primarily due to their capacity to serve as carriers for pesticides, fertilizers, and water. Their ability to retain these substances and facilitate extended, controlled release within the plant environment contributed to their increasing utilization in agriculture [45,46,47,48,49,50]. The outcome is a surplus availability of nutrients and effective irrigation while concurrently minimizing pest-related challenges. Irrigation stands as an imperative prerequisite for ensuring the viability of plants. Nevertheless, conventional direct watering can lead to substantial water loss owing to evaporation and rapid infiltration, pronounced particularly in desert climates and areas with low soil density, respectively. Hydrogels exhibit exceptional water retention capabilities due to their hydrophilic nature and expansive porous structure. This unique composition allows them to accumulate significant water volumes, with the capacity for prolonged retention and gradual controlled release. As a result, incorporating water-laden hydrogels into plant soil facilitates efficient management of soil moisture.



Extensive research has been conducted on PVA and PVP hydrogels utilized individually as additives in soil conditioners [51,52,53]. However, there is a scarcity of relevant works in the literature regarding utilization of a combination of PVA and PVP in hydrogel-based soil conditioners. Despite their potential, these polymers still encounter several challenges. From a cost–benefit perspective, the established polyolefin plastic industry remains dominant due to its cost-effectiveness and product durability [54,55,56]. Owing to the high water uptake and release characteristics of PVA/PVP, these materials are susceptible to swelling and shrinking, leading to dimensional changes [57,58,59]. Protection against pests is an additional critical factor, as plants and crops are susceptible to pest attacks and damage. Diverse pesticides were formulated into these hydrogels to mitigate such challenges [60,61,62]. However, many pesticides are regarded as toxic and exhibit gradual degradation over time [63,64]. Consequently, the residues they leave behind have the potential to inflict harm upon both consumers and the environment. As a result, significant endeavors are undertaken to explore alternative eco-friendly solutions. As an example, consider HP, recognized for its hydrophilic nature and strong oxidizing properties, which impart well-established virucidal and fungicidal activities. Importantly, it also mitigates toxic effects on crops. In addition, as HP naturally breaks down into water and oxygen over time, there is no concern about toxic residues impacting the environment [10,65,66].



Another example is thymol, a natural essential oil terpenoid with hydrophobic properties extracted from Thymus vulgaris. Thymol was proven effective against a wide range of pests, including microorganisms and insects. Importantly, it is not classified as an environmental toxin and does not pose a risk to human health [67,68,69]. Furthermore, it undergoes decomposition over time through hydrolysis and aqueous photolysis in normal processes [70]. Regarding fertilizers encapsulated within hydrogel carriers, it is important to note that N, P, and K constitute the three pivotal nutrients that are essential for plant growth [71,72,73]. These nutrients are accessible in the form of synthetic or natural compounds, with the former offering greater efficiency and the latter providing environmentally friendly advantages [74,75,76,77]. However, integrating natural fertilizers into a hydrogel casing establishes a barrier that retains and gradually releases them into the environment. The outcome is an extended release that facilitates an efficient and controlled supply of natural nutrients to plants [78,79].



Several studies showcase the utilization of PVA and PVP combinations in coatings and membranes designed for controlled release of fertilizers [80,81]. Nonetheless, the task of developing environmentally sustainable hydrogels involves engineering adaptable physical and/or chemical cross-linking properties, which must be achieved while ensuring that the hydrogel retains its mechanical integrity to maintain consistent shape and compatibility with both hydrophobic and hydrophilic active compounds. A hydrogel’s composition should consist of components that are officially approved for agricultural and post-harvest applications. The amalgamation of these stipulations presents a multifaceted challenge. For this purpose, several promising materials were selected. PVA holds promise as a constituent for several reasons. It is a water-soluble hydrophilic polymer possessing favorable attributes including being non-toxic, non-corrosive, biocompatible, easily processable, and well regarded in pharmaceutical applications. These applications encompass a range of uses, from cartilage replacements and contact lenses to wound healing and eye drops. It also finds extensive application in the cosmetic industry, including lotions, creams, makeup, hair treatments, and styling aids.



Similarly, PVA plays an important role in the food industry as thickener and moisture barrier. Notably, it is recognized and approved by the FDA as food additive E1203 [82,83,84,85,86,87]. Furthermore, it is considered environmentally friendly due to its biodegradable nature [88,89,90]. Many studies were conducted on PVA in hydrogel form, all of which strongly substantiated its suitability for applications in agriculture and the food industry [91,92,93]. Another promising component, PVP, serves as a highly compatible polymer alongside PVA, owing to its non-toxic nature and FDA approval for food applications. It is recognized as food additive E1201 and employed as an emulsifying, stabilizing, and thickening agent [94,95,96]. PVP also plays a significant role in pharmaceutical applications, serving as a plasma volume expander, a binder in pharmaceutical tablets, and a wetting agent, and in dental care products, particularly in tooth-whitening gels. However, PVP distinguishes itself by its distinct chemical properties, enabling effective interactions and carrying both hydrophilic and lipophilic substances. Its advantageous capacity to adsorb substantial quantities of water [97,98] allows PVP to function as a versatile carrier for hydrophilic and hydrophobic fertilizers, pesticides, and water. Many studies present solutions for protection against various pests. Some cases include hydrogels encapsulated with hazardous pesticides [30,31], while others demonstrate more friendly encapsulated substances [47,57]. However, none of the above approaches can be described as constituting a versatile carrier of hydrophobic and hydrophilic substances with the capability to design the bulk material into versatile shapes as capsules, seedling plates, coatings, and beads. Moreover, none of the approaches are officially approved materials for food use. Our review focuses on PVA/PVP-based hydrogels with the capability to achieve optimal strength, water content, and absorption while minimizing transmissivity. These hydrogels are also designed to be shapeable [4] and are adapted for potential agricultural applications. They are loaded with HP and/or thymol and maintain neutral physiological pH conditions, showcasing a wide range of pesticides, and can be shaped into conceptual forms including coatings, seedling plates, capsules, and encapsulated granules or diluted to become sprayable liquids. Hydrogel shapes are reinforced through physical or chemical cross-linking. The emphasis is placed on the physical and chemical interactions within the hydrogel structures and their impact on morphology, the stability of encapsulated substances, and subsequent release behavior. In this review, patterns of pesticides and fertilizers released from PVA/PVP hydrogels and derivatives were examined, considering those that are physically cross-linked, and cases with chemical cross-linking were explored. This evaluation encompasses the study of exchange effects and involves a direct comparison between these two methodologies. Our investigation culminates with contemporary practical implementations of hydrogels in safeguarding crops and plants as well as fostering their growth through protective and fertilization functions.




2. Structural Chemistry and Classification of Agricultural PVA/PVP-Based Hydrogels


The fundamental structure of PVA/PVP hydrogels can be achieved through the establishment of physical hydrogen bonds between distinct homopolymer chains [99,100,101]. PVP acts as a highly effective proton acceptor [97,102,103], while PVA serves as a proton donor [104]. The more complex structure involves chemical cross-linking, e.g., via glutaraldehyde, leading to the development of copolymer chains along the backbone or the formation of acetals through interactions involving side chains, introducing possibly more rigid structures [105,106,107]. However, both structures serve as excellent carriers and retainers of water for plants, owing to their hydrophilic side groups. These structures can be loaded with hydrophilic fertilizer and pesticide compounds, such as urea and HP, respectively, as well as hydrophobic ones, like thymol.



In the scenario of hydrophilic loaded substances, their retained and slow-release forms are primarily established through branched hydrogen bond interactions between the polymeric caging structure of the hydrogels and these solutes. For instance, urea fertilizer solute comprises amide groups, functioning as a physical cross-linker, while its carbonyl head contributes to additional physical interactions regarding HP pesticide solute, which has the capacity to engage in hydrogen bonding with PVA and form complexes with PVP [108,109]. In the context of thymol, Van der Waals hydrophobic interactions are feasible mainly with PVP due to thymol’s hydrophobic terpene side. Additionally, its hydroxyl group stemming from the phenolic hydrophilic side can participate in hydrogen bonding interactions (Figure 1 blue arrow). In scenarios involving the loading of multiple substances, the possibility of additional interactions between them arises. For instance, the coexistence of urea with HP can result in the formation of a complex [110]. Additional potential hydrogen bond interactions can take place between thymol and urea [111]. However, given that HP is recognized as a distinct oxidizer, the presence of thymol could potentially lead to certain oxidative side reactions [112].




3. Hydrogels as Carriers and Controlled Release of Pesticides, Fertilizers, and Water


3.1. PVA/PVP Hydrogel Carriers


Hydrogels were modified to transport both water-loving) hydrophilic (and water-repelling (hydrophobic) pesticides and fertilizers [10,65]. This versatility is primarily attributed to the binding capabilities of PVP with a wide range of substances [97]. Loading of active materials can occur by two pathways. One involves a heated hydrogel precursor solution, wherein the active ingredients are mixed, and the mixture is cured into its ultimate form. This method is referred to as the in situ method. The second pathway involves creating a pure hydrogel, which is then dried to remove water. The dried product is immersed in an aqueous solution containing the active ingredient at room temperature. Over time, the hydrogel absorbs the solution and swells until equilibrium is reached. This is referred to as the swelling method (Figure 2A).



The suitability of the loading method depends on the specific properties of the intended substance. The swelling method is particularly suitable for loading hydrophilic and less thermally stable ingredients, such as HP, which is miscible in aqueous solutions and undergoes decomposition when exposed to heat [113]. Consequently, during swelling, HP can readily permeate the hydrogel. Given that this process takes place at room temperature, the pesticide maintains its stability. The active substance’s swelling rate within the hydrogels is a parameter that must be considered. Conversely, hydrophobic and more heat-resistant pesticides such as thymol are better suited for the in situ method. This is due to thymol’s ability to create a uniform and stable mixture, resembling a lotion when combined at moderate temperatures. Nonetheless, when thymol is exposed solely to water at room temperature, it forms a separate oil phase and does not undergo swelling within the hydrogel [114,115]. Recent studies effectively demonstrate the capacity of these hydrogels to carry significant amounts of pesticides and fertilizers, while maintaining their ability to absorb water [10,81,116,117,118].




3.2. Controlled Release by PVA/PVP Hydrogel


Upon saturating a hydrogel with water, pesticide, or fertilizer, cargo is released by various pathways when the target comes into direct physical contact with the surface of the hydrogel. Subsequently, the active solutes or colloids undergo diffusion and directly adhere to the roots, foliage, crop shells, or pests of plants. Release is facilitated by a method involving direct contact. Another approach involves situating the hydrogel near its target with a controlled air gap. Over time, this arrangement enables gradual release of pesticides or moisture vapor, establishing a localized environment around the plant. This indirect method enhances plants’ survivability and, correspondingly, their prosperity. Each approach encompasses advantages and disadvantages. On the one hand, direct contact efficiently conveys the released substances to their intended destination, resulting in relatively minimal loss during release. On the other hand, subjecting plants or crops to direct, unbuffered doses of water, nutrients, or pesticides can lead to phytotoxic effects and potential harm, including destruction. The indirect approach mitigates these severe side effects. Nonetheless, while this refined method helps alleviate issues, it may not always yield perfect results. Hence, the choice of the optimal method relies on the inherent resilience of the plant or crop during its exposure as well as the effectiveness of the released substances, all within the context of the specific operational conditions.



Our recent investigations encompass the release of HP pesticide through both direct and indirect methods. The HP release profile exhibited a dependency on the quantity of freezing–thawing cycles undergone by the physically cross-linked PVA/PVP hydrogels. The augmentation in cycles led to extension and modulation of the release [10]. Hydrogels containing a blend of HP and thymol enabled a swifter release of HP. This could be attributed to the repulsive interactions occurring between these distinct types of molecules [65]. A novel aspect of our ongoing research reveals the reinforcement of a HP-entrapped hydrogel through chemical cross-linking utilizing glutaraldehyde under mild acidic conditions. This cross-linking process led to a significantly prolonged release duration in comparison to a previous physical technique (Figure 3). This development holds significant potential for providing plants and crops with sustained, long-term essential supplies. Nonetheless, the presence of unreacted glutaraldehyde residues poses potential risks to both human health and the environment. Consequently, further research is imperative in addressing the issue of residual glutaraldehyde (GA) within loaded hydrogels, all while ensuring the retention of loaded active substances.



In the domain of fertilizer release and water retention, an investigation centered on the encapsulation of urea granules [119] using PVA/PVP coatings unveiled significant insights. The encapsulated urea granules displayed a controlled and extended release of urea relative to the fast loss exhibited by uncoated counterparts [117]. These findings are consistent with our investigations pertaining to the controlled release of pesticides [10,65]. Furthermore, the amalgamation of Superabsorbent Polymers (SAP) with either PVA or PVP, when integrated with soil and subsequently irrigated with a precisely measured water volume, resulted in a substantial improvement in water retention. This improvement was notably superior to the water retention observed in untreated control soil conditions [119,120,121,122,123,124,125,126]. This suggests that in prospective advancements of soil conditioners, the incorporation of PVA/PVP composites is anticipated to play an impactful role as a significant additive for soil conditioners. Figure 4 introduces an illustrative depiction of current agricultural applications of PVA/PVP hydrogels and coatings, both in pesticides and fertilizers, and their prospective potential as soil conditioners.





4. Characterization


A vast amount of knowledge is available in the literature on the characterization of PVA/PVP-based hydrogels. However, the majority of publications focus on their properties in the context of medical uses [127,128,129]. This chapter provides a clear exposition of characterization tools aligned with agricultural uses. FTIR–ATR spectroscopy constitutes a fundamental technique for identifying functional groups, such as those indicative of the typical cross-linking in hydrogels, as well as the presence of entrapped pesticides or fertilizers. In addition, this technique has the capability to unveil unreacted precursors or undesired side reactions [10,65]. When assessing the soil conditioning capability, several pivotal equations are employed to ascertain a hydrogel’s polymer composition and water content, which influence water swelling and retention properties. The gel content signifies the proportion of polymers within the loaded hydrogel relative to its total mass. On the other hand, the swelling degree or water absorbance refers to the ratio of polymer water uptake (at equilibrium) with respect to its initial dehydrated state [130,131,132].



These properties can be monitored over time to obtain the swelling kinetics of hydrogels, which can be ascribed to the process of water molecule diffusion into the polymer network, which continues until it attains an equilibrium state, while the time required for this process to occur is assessed. The diffusion mechanism of small molecules into hydrogels can be elucidated using the following relationship, as developed by Korsmeyer:   K   t   n   =     M   t       M   ∞      . In this context, ‘Mt’ signifies the weight of water absorbed at a specific time ‘t’, ‘M∞’ corresponds to the weight of water absorbed at equilibrium, ‘K’ stands for the kinetic constant, and ‘n’ serves as the diffusional exponent. The diffusional exponent ‘n’ provides insight into the diffusion, transport, or release mechanism at play in the system. Three fundamental diffusion scenarios can be employed to describe the water uptake behavior in hydrogels:




	
Fickian diffusion: In this case, the rate of transport is notably slower than the relaxation of the polymer chains. In such a scenario, the primary limiting factor affecting the swelling of the polymer is the diffusion of water into the polymer network;



	
Case of rapid water diffusion: In contrast, here, the diffusion of water occurs at a significantly faster rate compared to the relaxation process of the polymer network. In this situation, the limiting factors for water movement are primarily associated with the polymer relaxation process and the constraints imposed by the polymer network’s swelling capacity;



	
Non-Fickian or anomalous diffusion: This scenario represents an intermediate case where the diffusion of water and the relaxation rates of the polymer network are approximately equal in magnitude. It is characterized by a more complex interplay between diffusion and relaxation, leading to behavior that deviates from the typical Fickian diffusion model.








These three diffusion cases provide valuable insights into the water uptake behavior of hydrogels under different conditions and help elucidate the underlying mechanisms at play. Regarding PVA/PVP hydrogels, it is observed that the water absorption mechanism is predominantly governed by pseudo-Fickian diffusion. This behavior is characterized by water absorption curves that resemble Fickian diffusion curves; however, the attainment of the final equilibrium state occurs at a notably slower pace. In other words, while the initial stages of water absorption may resemble Fickian diffusion, the hydrogels’ water uptake eventually reaches equilibrium more gradually than what would be expected in a strictly Fickian diffusion process [133,134,135].



Water retention quantifies the alteration in water weight when hydrogels are pre-mixed within the soil. The objective of engineered soil conditioning hydrogels is to achieve a low gel content, along with a high swelling degree and water retention capacity. This combination results in the accumulation of a substantial water volume, which gradually diminishes over time. This phenomenon holds the potential to provide an exceptional irrigation resource for plants [119].



The definition, adjustment, and characterization of the mechanical properties of these hydrogels are pivotal aspects of their functional enhancement. Whether they are employed as beads within soil or designed to support seedlings, both scenarios necessitate the ability to endure various loads and pressures while retaining their structural integrity and shape [136,137]. Consequently, tests such as tensile strength and elongation at break tests are conducted to ensure compatibility with the required levels of strength [81,138,139]. As these hydrogels were intentionally crafted into different shapes intended for agricultural products, their mechanical properties such as tensile strength and particularly rheology, including viscosity and viscoelasticity, assume a significant role. In various fields, investigations involving the composition of PVA/PVP hydrogels were conducted, incorporating mechanical tensile strength and rheology measurements carried out with a universal testing machine and rheometer, respectively. Shear rate tests were employed to characterize shear behavior. Dynamic rheological studies were performed to ascertain the linear viscoelastic range (LVR) of the hydrogels, encompassing amplitude sweep tests and strain sweep measurements. The primary factors influencing the rheological properties of the hydrogels were the composition of PVA/PVP and the number of freeze–thaw cycles. The viscosity results suggest that polymer solutions containing PVA/PVP exhibit higher viscosity compared to pure PVA, primarily due to the formation of strong hydrogen bonds, electrostatic interactions, and entanglement between the compatible PVA and PVP compositions. When prepared in high-gel-content solutions, these polymers exhibit a Newtonian shear flow behavior, while those in low-gel-content solutions display a shear-thinning nature. The non-Newtonian behavior of diluted solutions is a well-established phenomenon, attributed to hydrodynamic interactions and chain extensibility [140]. These solutions can maintain their properties even under high shear rates. The strain and frequency sweep measurements confirmed the stable viscoelastic behavior of this polymer combination, attributed to the presence of both G’ and G’’. This combination promotes excellent flow properties, resulting in the formation of elastic hydrogels. An increase in the number of freeze–thaw cycles led to higher values for both G’ and G’’, attributed to the formation of stronger networks. As the PVP ratio increases (up to 6 W%), the hydrogels transition towards a more solid-like gel form, gaining enhanced mechanical tensile strength and water retention capabilities, albeit with a lower elastic modulus. However, when PVP increased above this ratio, the mechanical strength declined. This transformation arises from the creation of new cross-linked sections between PVA and PVP. In general, these hydrogels are highly flexible and robust and capable of being stretched, curled, folded, and poked. They can quickly return to their original state after the removal of an external force, indicating excellent resilience. Additionally, the hydrogels can accommodate local stress concentration and have excellent puncture resistance, making them able to withstand inhomogeneous deformation. Specifically, a rectangular-shaped hydrogel can bear a load of 100 g without breaking or cracking, demonstrating its toughness [141,142,143,144]. These properties of flowability, elasticity, and mechanical strength are essential for molding hydrogels into desired stable agricultural shapes.



The physical properties of PVA/PVP hydrogels, such as the degree of crystallinity and miscibility, were determined through DSC analysis. The degree of crystallinity was found to be significantly influenced by the ratios of PVA to PVP; higher PVA concentrations led to intensified PVA crystal regions. DSC analysis also demonstrates a high level of miscibility between PVA and PVP, indicating their cohesive and integrated properties [130]. This good miscibility was also substantiated by morphology analyses using E-SEM and AFM, which reveal a uniform surface texture and roughness, respectively. AFM and E-SEM are also valuable for characterizing the shapes, sizes, and distribution of entrapped pesticides or fertilizers, along with their morphological impacts on the surface of the hydrogels [10,65].



To further quantify the entrapped pesticides or fertilizers, a range of analytical methods can be employed. The choice of method depends on the specific characteristics of the analyzed agent and the method’s specifications. As an example, if the entrapped pesticide undergoes a well-defined redox process like HP, its quantification can be achieved through titration with potassium permanganate. However, in the case of an entrapped pesticide with strong UV absorption, such as thymol, quantification can be accomplished by measuring absorption using a UV spectrophotometer.



In scenarios involving entrapment of multiple agents within the hydrogel matrix, it is imperative to address factors such as reagent selectivity and the precise sequencing of procedural steps. For instance, consider a scenario where both thymol and HP are entrapped within a hydrogel. In this case, using a general oxidizer such as potassium permanganate would lead to oxidation of both agents without differentiation. To address this issue, specific indicators such as peroxide sticks may be employed initially to detect the presence of HP. Thymol quantification can be conducted in a sequential manner [65].



The assessment methodology for fertilizers must align with the unique characteristics of the given scenario. When aiming to identify the nitrogen source originating from urea, which is encapsulated within PVA/PVP copolymeric coatings, the proven Kjeldahl method stands out as the most appropriate choice. After determining the content of the entrapped substance, a systematic process of sequential sampling over specific intervals enables the construction of a release profile graph. This graph serves as a fundamental tool for comprehending the way a pesticide or fertilizer is gradually released into a plant’s surrounding environment. Hence, the release profile of the hydrogels can be fine-tuned to match the specific needs of plants [10,80,118].



Thermal stability is an additional crucial factor. Many pesticides or fertilizers demonstrate limited stability in their pure form. For example, thymol grains have a substantial vapor pressure, making them volatile and leading to swift evaporation over a short period [114,145]. HP naturally decomposes into oxygen and water over time or is rapidly flushed away when dissolved in water [113]. Urea is another example; due to its instability in the presence of water, it undergoes rapid hydrolysis and subsequent flushing [146,147]. Consequently, evaluating the role of these hydrogel casings in maintaining the stability of entrapped agents can elucidate their significance in preserving these agents for extended durations, especially under demanding conditions such as dynamic elevated temperatures in TGA–MS, within a pre-heated isotherm incubator, or during exposure to rapid water flushes [65,118].



The forthcoming discussion involves a comprehensive examination of the influence of hydrogels on biological activity concerning their specific targets. Hydrogels, which are formulated to enhance plant fertilization and irrigation, are assessed using inductive approaches. This evaluation encompasses an analysis of various plant growth metrics, including measurements of fresh and dry biomass, stem, and root elongation, as well as quantification of the proportion of total nitrogen content within leaves and the dehydrated plant components [118,148]. A primary objective involves eradicating or preventing proliferation of plant pests while also assessing the effectiveness of biocidal agents.



This evaluation can be conducted by direct measurements of the pests themselves or indirectly by quantifying the observable signs of their activity on the host plants. The studies we reviewed focusing on PVA/PVP hydrogels infused with pesticides showcased the application of these assessment techniques against various pathogens [10,65].



An important consideration pertains to the complete life cycle of these hydrogels, including preventing their accumulation and the potential environmental risks that might emerge over time. This achievement is made possible through the biodegradation of PVA/PVP compounds [130]. Several complementary methods are employed to evaluate the biodegradability of these compounds. Soil burial is a commonly used technique for degradation assessment. It involves placing hydrogels in soil under controlled conditions that simulate natural degradation processes. The hydrogels’ dry weight loss over time is measured, and the difference in weight is considered as the portion that undergoes biodegradation [117]. To validate the biodegradation, the qualitative clear-zone method is employed as a straightforward visual technique. This method involves observing a distinct, clear area around microbial colonies. This clear zone is attributed to the enzymatic activity of microorganisms, leading to the dissolution of the surrounding area. Furthermore, to quantify and identify microbial degradation, the plate screening method is utilized. This technique involves isolating, identifying, and ranking bacteria based on their contribution to the largest measured solubilized margins [130].




5. Conceptual Shapes of PVA/PVP-Based Hydrogels in Crops


Various techniques are viable for generating a range of applications using hydrogels. One of the most widely used and scalable techniques for practical applications is solution casting. This process involves pouring the bulk solution into an inert mold of the desired shape or using a doctor blade to cast a thin film. This method is straightforward, allows for easy adjustment of film thickness, is cost-effective, and can be employed with various polymer components to produce homogeneous castings. Nonetheless, if a high level of mechanical strength is required, this method may not be adequate [149,150,151]. Injection molding is a molding technology that involves melting polymers using a screw and an external heating device, followed by injecting the molten material into a mold to produce the desired product as the mold cools. This process is repetitive, allowing for rapid production, and it is compatible with both pure and composite materials. Injection molding can create complex geometries with high precision. However, this method does face certain challenges, including limitations in terms of suitable materials with appropriate rheological properties, process complexities, and equipment-related challenges [152,153,154]. Compression molding is a closed molding process wherein raw materials are placed within a cavity mold under controlled heat and pressure conditions to create a range of composite products known for their relatively high mechanical strength. The preparation of raw materials and the compression molding process, including specified applied pressures, heat levels, and durations, are critical parameters that significantly influence the mechanical performance of the final product. This method is highly reproducible and widely adopted in industrial settings due to its cleanliness, cost-effectiveness, efficiency, and the fact that it can be performed without solvents. However, because it necessitates pretreatment of raw materials and involves multiple variables such as compression force, heat, and duration, achieving optimal working conditions may require thorough investigation and optimization [155,156,157]. Three-dimensional printing represents the most modern technique among the four mentioned. It can be categorized into four primary printing methods:




	
Extrusion printing: In this method, continuous filaments serve as the building blocks;



	
Inkjet printing: This technique utilizes low-viscosity inks, often combined with in situ or post-fabrication processing to achieve mechanically stable structures;



	
Stereolithography printing: Stereolithography employs photopolymerizable prepolymer solutions;



	
Laser-assisted printing: Laser beams are employed to construct intricate structures from ink droplets.








The primary advantage of 3D printing is its ability to create complex hierarchical multi-material structures at a reduced cost. Additionally, these printers are user-friendly and can be quickly adjusted to meet specific parameters. However, it is essential to prepare printing formulas with precise rheological specifications to ensure the desired mechanical structure. Furthermore, it is worth noting that, as of now, these printers have not yet reached the levels of industrial output achievable by the traditional shaping methods previously mentioned [158,159,160].



One approach involves creating uniform shapes that are laden with fertilizers and pesticides. This section introduces specific configurations, including hydrogel coatings infused with HP (Figure 5A,F). These coatings are produced by applying hydrogel precursor solutions onto polymeric sheets using the Mayer rod technique [65,161]. The outcome is the production of coated sheets, facilitating the creation of an atmosphere saturated with active ingredient vapor or direct contact with the crops (Figure 5F). In cases where a bulk form is required, castings are produced by pouring the hydrogel precursor solutions into a designated mold with the desired shape [10]. The resulting castings manifest as hydrogel seedling plates infused with HP and urea (Figure 5B,G) or as capsules loaded with thymol (Figure 5C,H). These structures possess the capability to release active substances into the root systems of plants or emit fumes that envelop fruits, depending on the specific configuration.



An additional form comprises liquid hydrogel formulations derived from diluted PVA and PVP precursor solutions incorporated with HP and thymol. These formulations are specifically designed for direct spraying applications. The resultant solutions are applied onto the foliage of seedlings, forming a protective coating (Figure 5D,I). An additional form of encapsulation of urea granules constitutes an alternative technique for developing safeguarded fertilizers, mitigating issues related to swift decomposition, leaching, or evaporation (Figure 5E,J). This encapsulation methodology can be achieved by utilizing a sugar-coating machine or through the application of a hot coat sprayer apparatus [162].




6. Recent Agricultural Applications and Results with PVA/PVP-based Hydrogels


A plethora of studies extensively investigated the individual applications of PVA and PVP within an agricultural context [52,163,164]. Nevertheless, the amalgamation of PVA and PVP (PVA/PVP) for agricultural purposes remains relatively novel. As a result, there is a lack of comprehensive works in the literature on these hydrogels and their derivatives. The present review encompasses a range of studies, including both our recent contributions and research conducted by other groups. A recent study introduces the development of Nervilia fordii extract-loaded electrospun PVA/PVP nanocomposites for antioxidant packaging [130]. This innovative approach holds the potential to revolutionize agrifood preservation by providing nanofibers with a significantly increased surface area, leading to superior spatial antioxidant release compared to traditional bulk hydrogels. Furthermore, the resulting morphology of these fibers remained unchanged when loaded with antioxidants, in contrast to the discussed loaded hydrogels, which exhibited significant morphological changes compared to their unloaded counterparts. Both our work and the aforementioned study offer efficient loading methods, improved thermo-stability of active substances, and promising results for applications in preserving tested products.



These studies shed light on the various pesticidal capabilities of these hydrogels and their derivatives against crop viruses and fungi [4,32]. Additionally, these hydrogels function as carriers for fertilizers with promising results for plants growth [39,41,63], enabling their controlled and gradual release. A correlated and advantageous outcome of hydrogel utilization, which holds true in this specific case as well, is the capacity to retain water and subsequently release it over a period. This stands in contrast to scenarios involving irrigation without the incorporation of hydrogels into soils, where water tends to seep rapidly, leading to its loss. Hence, it is conceivable that this could serve as a potential enhancer for soil conditioning. The applications were executed through diverse preparations and formulations of the PVA/PVP composition, tailored to suit various purposes (Table 1).



Representative results from our recent studies demonstrated the effective results of these hydrogels against various pests as shown in Figure 6, Figure 7, Figure 8 and Figure 9, respectively [65,116].




7. Sustainability


Conventional agricultural methods involve extensive utilization of water, fertilizers, and pesticides. However, a significant portion of these resources go to waste due to processes such as seepage, evaporation, and rapid decomposition. This accumulation of residues over time has a notable adverse impact on the surrounding environment [185]. Hydrogels, especially those composed of PVA and PVP, exhibit exceptional capacity in terms of stability, retention, and controlled release of water, fertilizers, and pesticides [10,65,118]. Consequently, broadening their application presents a viable alternative for resource preservation. PVA/PVP hydrogels, particularly in their physically cross-linked state, demonstrate convenient reversibility. Application of mild heat is adequate to dissolve them back into their initial precursor solutions [186]. These solutions possess the capacity to undergo both regelation and reloading procedures. These inherent properties significantly enhance their potential for repeated utilization, resulting in a decreased demand for raw materials or active ingredients [187]. Regarding chemically cross-linked PVA/PVP hydrogels, the covalent bonds formed within these hydrogels are of a permanent nature and exhibit irreversibility [188]. Nevertheless, these rigid structures acquire enhanced capability for retaining and prolonging the release of active substances, such as pesticides Figure 3.



Several parameters exert influence over biodegradation. Previous studies conducted long ago provide insights into the separate biodegradation characteristics of PVA and PVP components, enhancing our understanding of their respective degradation behaviors [88,189]. PVA has a well-known biodegradation mechanism and, which exhibits favorable results [190], while PVP shows relatively high resistance due to its pyridine cycle, which is considered relatively inert and less susceptible to microbial digestion. Subsequent investigations addressed the biodegradation of combined components. The influence of the PVA-to-PVP ratio on this process was examined, revealing that as PVP becomes more predominant, the extent of biodegradation decreases [130]. This outcome is consistent with the findings of earlier studies focused on investigating each component individually. Both the type and intensity of cross-linking are parameters that directly influence the rate of biodegradation. Chemical covalent cross-linking is notably more stable compared to physical cross-linking, which confers greater resistance to microbial degradation. Furthermore, whether achieved through physical or chemical cross-linking, increasing the density of cross-linking leads to heightened resistance against biodegradation in both cases [191].



Microbiome composition is an additional parameter, and the isolation of various bacteria involved in the degradation process reveals that the dominant microbe responsible for PVA/PVP degradation is the Pseudomonas putida strain. The microbe’s prosperity depends on the soil type in which the hydrogels are buried. Various soil types possess unique compositions and physical properties, leading to diverse ground conditions that can influence the inhibition of different microbiomes. Accordingly, a study effectively illustrated the impact of rich clay soil containing a dense microbiome, which expedited the biodegradation of PVA/PVP hydrogels. In contrast, when comparable hydrogels were introduced into nutrient-poor sandy soils, they exhibited inferior levels of biodegradation activity [24]. This description pertains to the biodegradation of the hydrogel casing.



Another crucial aspect involves the material released by biodegradation. Both pesticides and fertilizers are distributed to cover the surroundings of plants, with only limited amounts taken up by the plants themselves. The remaining residues have the potential to pose environmental risks [185,192,193]. Consequently, numerous efforts are focused on identifying environmentally friendly alternatives. An example of such an alternative pesticide is HP, which undergoes spontaneous decomposition over time, yielding oxygen and water. As a result, no toxic residues are left behind [194]. Another viable alternative is the use of the natural essential oil thymol. Thymol either exhibits negligible residue formation, as it undergoes rapid photodegradation when exposed to sunlight and water, or degrades when buried in soil. A significant portion of thymol tends to dissipate prior to degradation, attributed to its high volatility [70,195]. Our recent investigations showcase PVA/PVP hydrogels entrapping diverse ratios of HP and thymol, which exhibit remarkable biocidal efficacy against Tomato Brown Rugose Fruit Virus (ToBRFV) and mold [10,65].



We conclude by addressing the sustainability of fertilizers in relation to PVA/PVP hydrogels, with a specific focus on nitrogen, a pivotal element for plant growth. Urea, a prevalent nitrogen source, is widely recognized as a biodegradable plant nutrient. Plants can directly assimilate urea through their foliage or indirectly acquire ammonium and nitrate ions, byproducts of urea biodegradation, through their roots. This process takes place through the enzymatic activity of urease present in the soil microbiome, facilitated by the presence of water. Urea undergoes rapid hydrolysis, producing ammonia, which is readily available for plant uptake [146,196]. A comprehensive study was conducted to examine the effects of encapsulating urea with PVA/PVP coatings on the growth of Chinese kale plants. These coatings effectively minimized ammonia evaporation, providing a more sustained and favorable supply of ammonia for plant uptake. Consequently, plants treated with encapsulated urea exhibited enhanced development and a healthier appearance compared to those exposed to conventional urea granules [118]. Figure 10 visually represents these sustainability aspects.




8. Conclusions and Outlook


Agricultural practices have undergone progressive industrialization and intensified utilization of fertilizers, pesticides, and irrigation systems to fulfil the escalating global food demand. There is a necessity to establish regulatory frameworks and optimization strategies governing the precise allocation of these resources in alignment with the requisite nourishment of plants, considering both environmental sustainability and economic prudence. Hydrogels are recognized for their potential to effectively fulfil plant needs while also preserving the environment and valuable resources. PVA/PVP hydrogels exhibit well-known characteristics such as extended release of essential substances and possible controlled irrigation of plants. What sets this combination apart is its unique ability to create various shapes using only physical cross-linking in many applications, which is more environmentally friendly compared to chemically cross-linked hydrogels. Nonetheless, the hydrogels can potentially be enhanced through chemical cross-linking if an extra level of strength is desired. Adjustment of the PVP ratio allows for regulation of water absorption and transmissivity, enhancing compatibility with a wide range of entrapped chemical compounds.



Hence, PVA/PVP combination provides a convenient way to adjust these hydrogels for diverse agricultural applications. These hydrogels were suggested to be synthesized using various preparation techniques, which encompass methods such as irradiation, chemical cross-linking, and physical cross-linking via freeze–thaw cycles. The choice of method depends on the desired properties of the hydrogels. Subsequently, these properties were evaluated from both physical and chemical standpoints, and their impact on biological activity was investigated.



The reviewed studies effectively demonstrate the advantageous attributes of PVA/PVP-based compositions across various applications in the realm of plants and crops. This lends support to the potential of extensive utilization of such compositions in agricultural products. Nonetheless, several challenges persist. PVP’s resistance to degradation results in its persistence and accumulation. Conventional polyolefins exhibit considerably lower costs in comparison to PVA and PVP. Moreover, chemical or irradiation-cross-linked reinforcement of PVA/PVP-based hydrogels diminishes their susceptibility to biodegradation. These cross-linking methods are also occasionally prone to side reactions and can cause the deterioration of entrapped substances.



Considering the challenges, practical and commercial implementation of PVA/PVP- based agricultural applications could be facilitated by achieving a delicate equilibrium between the extent and nature of cross-linking with a preference for physical cross-linking. In addition, exploring the feasibility of reusing hydrogels for successive activity cycles by replenishing with fresh portions of active substances may prove advantageous. Moreover, employing minute quantities of additives such as thin coatings or enhancers for soil conditioners could be a viable approach for mitigating consumption of raw materials.







Author Contributions


Conceptualization, E.M.; Writing—original draft, E.M.; Writing—review and editing, E.M.; Methodology, E.M. and S.M.; Formal analysis, E.M. and S.M.; Supervision, S.M. All authors have read and agreed to the published version of the manuscript.




Funding


Smart Materials Consortium funded by Israel Innovation Authority.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are openly available in article.




Acknowledgments


We thank Yuval Elias for the professional writing assistance, technical editing, language editing, and proofreading.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Bahram, M.; Mohseni, N.; Moghtader, M. An Introduction to Hydrogels and Some Recent Applications. In Emerging Concepts in Analysis and Applications of Hydrogels; IntechOpen: London, UK, 2016; pp. 9–38. [Google Scholar] [CrossRef]

	



Kaur, P.; Agrawal, R.; Pfeffer, F.M.; Williams, R.; Bohidar, H.B. Hydrogels in Agriculture: Prospects and Challenges. J. Polym. Environ. 2023, 31, 3701–3718. [Google Scholar] [CrossRef]

	



Peppas, N.A.; Hoffman, A.S. Hydrogels; Academic Press: Austin, TX, USA, 2020; pp. 153–166. [Google Scholar]

	



Zhang, S.; Zhai, Y.; Zhang, Z. Study on medical polyvinyl alcohol (PVA)/polyvinyl pyrrolidone (PVP) hydrogel burns dressing. In Proceedings of the 2011 International Conference on Electronic and Mechanical Engineering and Information Technology, EMEIT 2011, Harbin, China, 12–14 August 2011; Volume 9, pp. 4485–4488. [Google Scholar] [CrossRef]

	



Lewis, L.; Hatzikiriakos, S.G.; Hamad, W.Y.; Maclachlan, M.J. Freeze-Thaw Gelation of Cellulose Nanocrystals. ACS Macro Lett. 2019, 53, 486–491. [Google Scholar] [CrossRef]

	



Joshi, N.; Suman, K.; Joshi, Y.M. Rheological Behavior of Aqueous Poly(Vinyl Alcohol) Solution during a Freeze-Thaw Gelation Process. Macromolecules 2020, 53, 3452–3463. [Google Scholar] [CrossRef]

	



Holloway, J.L.; Lowman, A.M.; Palmese, G.R. The Role of Crystallization and Phase Separation in the Formation of Physically Cross-Linked PVA Hydrogels. Soft Matter 2013, 9, 826–833. [Google Scholar] [CrossRef]

	



Adelnia, H.; Ensandoost, R.; Moonshi, S.S.; Gavgani, J.N.; Vasafi, E.I.; Ta, H.T. Freeze/Thawed Polyvinyl Alcohol Hydrogels: Present, Past and Future. Eur. Polym. J. 2022, 164, 110974. [Google Scholar] [CrossRef]

	



Khalesi, H.; Lu, W.; Nishinari, K.; Fang, Y. New Insights into Food Hydrogels with Reinforced Mechanical Properties: A Review on Innovative Strategies. Adv. Colloid Interface Sci. 2020, 285, 102278. [Google Scholar] [CrossRef]

	



Wei, X.; Bao, X.; Yu, L.; Liu, H.; Lu, K.; Chen, L.; Bai, L.; Zhou, X.; Li, Z.; Li, W. Correlation Between Gel Strength of Starch-Based Hydrogel and Slow-Release Behavior of Its Embedded Urea. J. Polym. Environ. 2020, 28, 863–870. [Google Scholar] [CrossRef]

	



Xie, L.; Wei, H.; Kou, L.; Ren, L.; Zhou, J. Antibiotic Drug Release Behavior of Poly (Vinyl Alcohol)/Sodium Alginate Hydrogels. Materwiss Werksttech 2020, 51, 850–855. [Google Scholar] [CrossRef]

	



Yang, J.; Chen, Y.; Zhao, L.; Zhang, J.; Luo, H. Constructions and Properties of Physically Cross-Linked Hydrogels Based on Natural Polymers. Polym. Rev. 2023, 63, 574–612. [Google Scholar] [CrossRef]

	



Jing, H.; Shi, J.; Guoab, P.; Guan, S.; Fu, H.; Cui, W. Hydrogels Based on Physically Cross-Linked Network with High Mechanical Property and Recasting Ability. Colloids Surf. A Physicochem. Eng. Asp. 2021, 611, 125805. [Google Scholar] [CrossRef]

	



Lu, J.; Gu, J.; Hu, O.; Fu, Y.; Ye, D.; Zhang, X.; Zheng, Y.; Hou, L.; Liu, H.; Jiang, X. Highly Tough, Freezing-Tolerant, Healable and Thermoplastic Starch/Poly(Vinyl Alcohol) Organohydrogels for Flexible Electronic Devices. J. Mater. Chem. A Mater. 2021, 9, 18406–18420. [Google Scholar] [CrossRef]

	



Zhang, H.; Tung, W.Y.; Li, X.; Jin, H.; Deng, R.; Chen, Y.M.; Mao, Y.; Zhu, Y. Conjugated Polymer with Dynamic and Thermoreversible Hydrogen Bonding on the Backbone. Polymer 2020, 203, 122787. [Google Scholar] [CrossRef]

	



Cao, H.; Duan, L.; Zhang, Y.; Cao, J.; Zhang, K. Current Hydrogel Advances in Physicochemical and Biological Response-Driven Biomedical Application Diversity. Signal Transduct. Target. Ther. 2021, 6, 426. [Google Scholar] [CrossRef]

	



Sánchez-Cid, P.; Jiménez-Rosado, M.; Romero, A.; Pérez-Puyana, V. Novel Trends in Hydrogel Development for Biomedical Applications: A Review. Polymers 2022, 14, 3023. [Google Scholar] [CrossRef]

	



Roy, N.; Saha, N. PVP-Based Hydrogels: Synthesis, Properties and Applications. Hydrogels Synth. Charact. Appl. 2012, 227–252. [Google Scholar]

	



Wang, M.; Bai, J.; Shao, K.; Tang, W.; Zhao, X.; Lin, D.; Huang, S.; Chen, C.; Ding, Z.; Ye, J. Poly(Vinyl Alcohol) Hydrogels: The Old and New Functional Materials. Int. J. Polym. Sci. 2021, 2021, 2225426. [Google Scholar] [CrossRef]

	



Gu, Y.; Zhang, B.-W.; Guo, Z.; Li, J.-H.; Yu, M.; Li, L.-F.; Li, J.-Y. Radiation-Induced Cross-Linking: A Novel Avenue to Permanent 3D of Polymeric Membranes. Nucl. Sci. Tech. 2021, 32, 70. [Google Scholar] [CrossRef]

	



Burkert, S.; Schmidt, T.; Gohs, U.; Dorschner, H.; Arndt, K.F. Cross-Linking of Poly(N-Vinyl Pyrrolidone) Films by Electron Beam Irradiation. Radiat. Phys. Chem. 2007, 76, 1324–1328. [Google Scholar] [CrossRef]

	



Jeong, J.-O.; Park, J.-S.; Kim, Y.-A.; Yang, S.-J.; Jeong, S.-I.; Lee, J.-Y.; Lim, Y.-M. Gamma Ray-Induced Polymerization and Cross-Linking for Optimization of PPy/PVP Hydrogel as Biomaterial. Polymers 2020, 12, 111. [Google Scholar] [CrossRef]

	



Hwang, I.-S.; Lee, M.-H.; Lim, J.-H.; Kim, K.-M. Synthesis and characterization of PVP/PVA hydrogels using E-beam irradiation. In Proceedings of the 2016 IEEE International Nanoelectronics Conference (INEC), Chengdu, China, 9–11 May 2016; IEEE: Piscataway, NJ, USA, 2016; Volume 2016, pp. 1–2. [Google Scholar]

	



Abd El-Mohdy, H.L.; Ghanem, S. Biodegradability, Antimicrobial Activity and Properties of PVA/PVP Hydrogels Prepared by γ-Irradiation. J. Polym. Res. 2009, 16, 1–10. [Google Scholar] [CrossRef]

	



Deghiedy, N.M.; El-Sayed, S.M. Evaluation of the Structural and Optical Characters of PVA/PVP Blended Films. Opt. Mater. 2020, 100, 109667. [Google Scholar] [CrossRef]

	



Raza, M.A.; Lim, Y.M.; Lee, S.W.; Seralathan, K.K.; Park, S.H. Synthesis and Characterization of Hydrogels Based on Carboxymethyl Chitosan and Poly(Vinylpyrrolidone) Blends Prepared by Electron Beam Irradiation Having Anticancer Efficacy, and Applications as Drug Carrier for Controlled Release of Drug. Carbohydr. Polym. 2021, 258, 117718. [Google Scholar] [CrossRef] [PubMed]

	



Ghobashy, M.M.; Abd El-Wahab, H.; Ismail, M.A.; Naser, A.M.; Abdelhai, F.; El-Damhougy, B.K.; Nady, N.; Meganid, A.S.; Alkhursani, S.A. Characterization of Starch-Based Three Components of Gamma-Ray Cross-Linked Hydrogels to Be Used as a Soil Conditioner. Mater. Sci. Eng. B 2020, 260, 114645. [Google Scholar] [CrossRef]

	



Xie, H.; Yang, K.K.; Wang, Y.Z. Photo-Cross-Linking: A Powerful and Versatile Strategy to Develop Shape-Memory Polymers. Prog. Polym. Sci. 2019, 95, 32–64. [Google Scholar] [CrossRef]

	



Campiglio, C.E.; Negrini, N.C.; Farè, S.; Draghi, L. Cross-Linking Strategies for Electrospun Gelatin Scaffolds. Materials 2019, 12, 2476. [Google Scholar] [CrossRef]

	



Arbid, Y.; Sleiman, M.; Richard, C. Photochemical Interactions between Pesticides and Plant Volatiles. Sci. Total Environ. 2022, 807, 150716. [Google Scholar] [CrossRef]

	



Zang, Y.; Farhood, R. Effects of Hydrogen Peroxide Concentration and Ultraviolet Light Intensity on Methyl Tert-Butyl Ether Degradation Kinetics. Chem. Eng. Sci. 2005, 60, 1641–1648. [Google Scholar] [CrossRef]

	



Pestov, A.; Privar, Y.; Slobodyuk, A.; Boroda, A.; Bratskaya, S. Chitosan Cross-Linking with Acetaldehyde Acetals. Biomimetics 2022, 7, 10. [Google Scholar] [CrossRef]

	



Kumar, A.; Mahto, V.; Choubey, A.K. Synthesis and Characterization of Cross-Linked Hydrogels Using Polyvinyl Alcohol and Polyvinyl Pyrrolidone and Their Blend for Water Shut-off Treatments. J. Mol. Liq. 2020, 301, 112472. [Google Scholar] [CrossRef]

	



Gadhave, R.V.; Vineeth, S.K.; Gadekar, P.T. Cross-Linking of Polyvinyl Alcohol/Starch Blends by Glutaraldehyde Sodium Bisulfite for Improvement in Thermal and Mechanical Properties. J. Mater. Environ. Sci 2020, 11, 704–712. [Google Scholar] [CrossRef]

	



Rahmani, F.; Ziyadi, H.; Baghali, M.; Luo, H.; Ramakrishna, S. Electrospun Pvp/Pva Nanofiber Mat as a Novel Potential Transdermal Drug-Delivery System for Buprenorphine: A Solution Needed for Pain Management. Appl. Sci. 2021, 11, 2779. [Google Scholar] [CrossRef]

	



Gadhave, R.V.; Mahanwar, P.A.; Gadekar, P.T. Effect of Glutaraldehyde on Thermal and Mechanical Properties of Starch and Polyvinyl Alcohol Blends. Des. Monomers Polym. 2019, 22, 164–170. [Google Scholar] [CrossRef] [PubMed]

	



Shagholani, H.; Ghoreishi, S.M.; Rahmatolahzadeh, R. Influence of Cross-Linking Agents on Drug Delivery Behavior of Magnetic Nanohydrogels Made of Polyvinyl Alcohol and Chitosan. Bionanoscience 2019, 9, 883–892. [Google Scholar] [CrossRef]

	



Liu, B.; Thayumanavan, S. Substituent Effects on the PH Sensitivity of Acetals and Ketals and Their Correlation with Encapsulation Stability in Polymeric Nanogels. J. Am. Chem. Soc. 2017, 139, 2306–2317. [Google Scholar] [CrossRef] [PubMed]

	



Hu, H.; Tian, Y.; Kong, Z.; Ying, W.B.; Chen, C.; Li, F.; Zhang, R.; Zhu, J. A High Performance Copolyester with “Locked” Biodegradability: Solid Stability and Controlled Degradation Enabled by Acid-Labile Acetal. ACS Sustain. Chem. Eng. 2021, 9, 2280–2290. [Google Scholar] [CrossRef]

	



McKenzie, A.T. Glutaraldehyde: A Review of Its Fixative Effects on Nucleic Acids, Proteins, lipids, and carbohydrates. 2019; preprints. [Google Scholar] [CrossRef]

	



Frihart, C.R.; Wescott, J.M.; Chaffee, T.L.; Gonner, K.M. Formaldehyde Emissions from Urea-Formaldehyde-and No-Added-Formaldehyde-Bonded Particleboard as Influenced by Temperature and Relative Humidity. For. Prod. J. 2012, 62, 551–558. [Google Scholar] [CrossRef]

	



Thumtecho, S.; Sriapha, C.; Tongpoo, A.; Udomsubpayakul, U.; Wananukul, W.; Trakulsrichai, S. Poisoning of Glutaraldehyde-Containing Products: Clinical Characteristics and Outcomes. Clin. Toxicol. 2021, 59, 480–487. [Google Scholar] [CrossRef]

	



Chen, J. Effect of Chemical Cross-Links on the Mechanical and Thermal Properties of Graphene-Reinforced Polymer Matrix Composites. 2022. Available online: https://dx.doi.org/10.2139/ssrn.4244848 (accessed on 5 November 2023).

	



Danielli, C.; van Langen, L.; Boes, D.; Asaro, F.; Anselmi, S.; Provenza, F.; Renzi, M.; Gardossi, L. 2,5-Furandicarboxaldehyde as a Bio-Based Crosslinking Agent Replacing Glutaraldehyde for Covalent Enzyme Immobilization. RSC Adv. 2022, 12, 35676–35684. [Google Scholar] [CrossRef]

	



Ropek, D.; Kulikowski, E. Potential of Hydrogel Application for Plant Protection. Ecol. Chem. Eng. A 2009, 16, 1191–1198. [Google Scholar]

	



Sousa, H.R.; Lima, I.S.; Neris, L.M.L.; Silva, A.S.; Nascimento, A.M.S.S.; Araújo, F.P.; Ratke, R.F.; Silva, D.A.; Osajima, J.A.; Bezerra, L.R.; et al. Superabsorbent Hydrogels Based to Polyacrylamide/Cashew Tree Gum for the Controlled Release of Water and Plant Nutrients. Molecules 2021, 26, 2680. [Google Scholar] [CrossRef]

	



Rudzinski, W.E.; Dave, A.M.; Vaishnav, U.H.; Kumbar, S.G.; Kulkarni, A.R.; Aminabhavi, T.M. Hydrogels as Controlled Release Devices in Agriculture. Des. Monomers Polym. 2002, 5, 39–65. [Google Scholar] [CrossRef]

	



Reinhardt, P.D.; Radics, U.D.; Niclas, H.-J.D. Mixture for the Treatment of Fertilisers. CA2802076A1, 11 October 2016. [Google Scholar]

	



Atkinson, J.M.; Liu, L.; Olds, M.G.; Keeney, F.N. Liquid Agricultural Formulations of Improved Stability. AU2011301966A1, 4 June 2015. [Google Scholar]

	



Margel, S.; Malka, E.; Mizrahi, Y.K. Biodegradable PVA/PVP Hydrogels, Uses and Preparation Thereof. WO-2022264149-A1, 2021. [Google Scholar]

	



Rizwan, M.; Rubina Gilani, S.; Iqbal Durani, A.; Naseem, S. Materials Diversity of Hydrogel: Synthesis, Polymerization Process and Soil Conditioning Properties in Agricultural Field. J. Adv. Res. 2021, 33, 15–40. [Google Scholar] [CrossRef]

	



Aly, E. Effect of Water Regimes and Polyvinyl Alcohol on Faba Bean Yield, Chemical Composition and Water Use Efficiency. J. Soil Sci. Agric. Eng. 2020, 11, 769–777. [Google Scholar] [CrossRef]

	



Wang, Z.; Ding, Y.; Wang, J. Novel Polyvinyl Alcohol (PVA)/Cellulose Nanocrystal (CNC) Supramolecular Composite Hydrogels: Preparation and Application as Soil Conditioners. Nanomaterials 2019, 9, 1397. [Google Scholar] [CrossRef]

	



Yeung, C.W.S.; Teo, J.Y.Q.; Loh, X.J.; Lim, J.Y.C. Polyolefins and Polystyrene as Chemical Resources for a Sustainable Future: Challenges, Advances, and Prospects. ACS Mater. Lett. 2021, 3, 1660–1676. [Google Scholar] [CrossRef]

	



Jubinville, D.; Esmizadeh, E.; Saikrishnan, S.; Tzoganakis, C.; Mekonnen, T. A Comprehensive Review of Global Production and Recycling Methods of Polyolefin (PO) Based Products and Their Post-Recycling Applications. Sustain. Mater. Technol. 2020, 25, e00188. [Google Scholar] [CrossRef]

	



Paxton, N.C.; Allenby, M.C.; Lewis, P.M.; Woodruff, M.A. Biomedical Applications of Polyethylene. Eur. Polym. J. 2019, 118, 412–428. [Google Scholar] [CrossRef]

	



Sievers, J.; Sperlich, K.; Stahnke, T.; Kreiner, C.; Eickner, T.; Martin, H.; Guthoff, R.F.; Schünemann, M.; Bohn, S.; Stachs, O. Determination of Hydrogel Swelling Factors by Two Established and a Novel Non-Contact Continuous Method. J. Appl. Polym. Sci. 2021, 138, 50326. [Google Scholar] [CrossRef]

	



Xiang, D.; Cui, Y.; Wan, Z.; Wang, S.; Peng, L.; Liao, Z.; Chen, C.; Liu, W. Study on Swelling, Compression Property and Degradation Stability of PVA Composite Hydrogels for Artificial Nucleus Pulposus. J. Mech. Behav. Biomed. Mater. 2022, 136, 105496. [Google Scholar] [CrossRef]

	



Xu, N.; Zhang, M.; Xu, W.; Ling, G.; Yu, J.; Zhang, P. Swellable PVA/PVP Hydrogel Microneedle Patches for the Extraction of Interstitial Skin Fluid toward Minimally Invasive Monitoring of Blood Glucose Level. Analyst 2022, 147, 1478–1491. [Google Scholar] [CrossRef]

	



Shah, J.A.; Vendl, T.; Aulicky, R.; Frankova, M.; Stejskal, V. Gel Carriers for Plant Extracts and Synthetic Pesticides in Rodent and Arthropod Pest Control: An Overview. Gels 2022, 8, 522. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Y.; Lu, X.; Yue, J.; Zhang, Y.; Sun, X.; Zhang, G.; Cai, D.; Wu, Z. Stimuli-Responsive Hydrogel as Carrier for Controlling the Release and Leaching Behavior of Hydrophilic Pesticide. Sci. Total Environ. 2020, 722, 137811. [Google Scholar] [CrossRef] [PubMed]

	



He, F.; Zhou, Q.; Wang, L.; Yu, G.; Li, J.; Feng, Y. Fabrication of a Sustained Release Delivery System for Pesticides Using Interpenetrating Polyacrylamide/Alginate/Montmorillonite Nanocomposite Hydrogels. Appl. Clay Sci. 2019, 183, 105347. [Google Scholar] [CrossRef]

	



Tay, J.-W.; Choe, D.-H.; Mulchandani, A.; Rust, M.K. Hydrogels: From Controlled Release to a New Bait Delivery for Insect Pest Management. J. Econ. Entomol. 2020, 113, 2061–2068. [Google Scholar] [CrossRef] [PubMed]

	



Nagy, K.; Duca, R.C.; Lovas, S.; Creta, M.; Scheepers, P.T.J.; Godderis, L.; Ádám, B. Systematic Review of Comparative Studies Assessing the Toxicity of Pesticide Active Ingredients and Their Product Formulations. Environ. Res. 2020, 181, 108926. [Google Scholar] [CrossRef] [PubMed]

	



Malka, E.; Caspi, A.; Cohen, R.; Margel, S. Fabrication and Characterization of Hydrogen Peroxide and Thymol-Loaded PVA/PVP Hydrogel Coatings as a Novel Anti-Mold Surface for Hay Protection. Polymers 2022, 14, 5518. [Google Scholar] [CrossRef] [PubMed]

	



Totaro, M.; Casini, B.; Profeti, S.; Tuvo, B.; Privitera, G.; Baggiani, A. Role of Hydrogen Peroxide Vapor (HPV) for the Disinfection of Hospital Surfaces Contaminated by Multiresistant Bacteria. Pathogens 2020, 9, 408. [Google Scholar] [CrossRef] [PubMed]

	



Escobar, A.; Pérez, M.; Romanelli, G.; Blustein, G. Thymol Bioactivity: A Review Focusing on Practical Applications. Arab. J. Chem. 2020, 13, 9243–9269. [Google Scholar] [CrossRef]

	



Lazarević, J.; Jevremović, S.; Kostić, I.; Vuleta, A.; Manitašević Jovanović, S.; Kostić, M.; Šešlija Jovanović, D. Assessment of Sex-Specific Toxicity and Physiological Responses to Thymol in a Common Bean Pest Acanthoscelides obtectus Say. Front. Physiol. 2022, 13, 842314. [Google Scholar] [CrossRef]

	



Yusoff, S.N.M.; Kamari, A.; Ishak, S.; Jumadi, J.; Abdulrasool, M.M.; Kumaran, S.; Wong, S.T.S. Synthesis and Characterization of Thymol-Loaded Lauryl Glycol Chitosan for Pesticide Formulation. J. Phys. Conf. Ser. 2019, 1397, 012026. [Google Scholar] [CrossRef]

	



Liu, B.; Chen, B.; Zhang, J.; Wang, P.; Feng, G. The Environmental Fate of Thymol, a Novel Botanical Pesticide, in Tropical Agricultural Soil and Water. Toxicol. Environ. Chem. 2017, 99, 223–232. [Google Scholar] [CrossRef]

	



Duarah, I.; Deka, M.; Saikia, N.; Deka Boruah, H.P. Phosphate Solubilizers Enhance NPK Fertilizer Use Efficiency in Rice and Legume Cultivation. 3 Biotech 2011, 1, 227–238. [Google Scholar] [CrossRef] [PubMed]

	



Chemutai, R.; Mwine, J.; Awichi, R.; Bwogi, G. Effects of NPK and Plant Tea Manure (Tithonia) on Growth Rate of Amaranth (Amaranthus L.) in Soilless Growing Media. Afr. J. Agric. Res. 2019, 14, 1169–1179. [Google Scholar]

	



Jassim Kazem AL-Gym, A.; Hameed Salman Al-Asady, M. Effect of the Method and Level of Adding Npk Nanoparticles and Mineral Fertilizers on the Growth and Yield of Yellow Corn and the Content of Mineral Nutrient of Some Plant Parts. Plant Arch. 2020, 20, 38–43. [Google Scholar]

	



Sabry, A.K. Synthetic Fertilizers; Role and Hazards. Fertil. Technol. 2015, 1, 110–133. [Google Scholar] [CrossRef]

	



El-Gioushy, S.F. Comparative Study on the Npk Fertilization Sources of Young Manfalouty Pomegranate Trees. J. Plant Prod. Mansoura Univ. 2016, 7, 1037–1042. [Google Scholar] [CrossRef]

	



Zhang, X.; Fang, Q.; Zhang, T.; Ma, W.; Velthof, G.L.; Hou, Y.; Oenema, O.; Zhang, F. Benefits and Trade-Offs of Replacing Synthetic Fertilizers by Animal Manures in Crop Production in China: A Meta-Analysis. Glob. Chang. Biol. 2020, 26, 888–900. [Google Scholar] [CrossRef]

	



Hammad, H.M.; Khaliq, A.; Abbas, F.; Farhad, W.; Fahad, S.; Aslam, M.; Shah, G.M.; Nasim, W.; Mubeen, M.; Bakhat, H.F. Comparative Effects of Organic and Inorganic Fertilizers on Soil Organic Carbon and Wheat Productivity under Arid Region. Commun. Soil. Sci. Plant Anal. 2020, 51, 1406–1422. [Google Scholar] [CrossRef]

	



Ekanayake, S.A.; Godakumbura, P.I. Synthesis of a Dual-Functional Nanofertilizer by Embedding ZnO and CuO Nanoparticles on an Alginate-Based Hydrogel. ACS Omega 2021, 6, 26262–26272. [Google Scholar] [CrossRef]

	



Chontal, M.A.H.; Collado, C.J.L.; Orozco, N.R.; Velasco, J.V.; Gabriel, A.L.; Romero, G.L. Nutrient Content of Fermented Fertilizers and Its Efficacy in Combination with Hydrogel in Zea Mays L. Int. J. Recycl. Org. Waste Agric. 2019, 8, 309–315. [Google Scholar] [CrossRef]

	



Zafar, N.; Niazi, M.B.K.; Sher, F.; Khalid, U.; Jahan, Z.; Shah, G.A.; Zia, M. Starch and Polyvinyl Alcohol Encapsulated Biodegradable Nanocomposites for Environment Friendly Slow Release of Urea Fertilizer. Chem. Eng. J. Adv. 2021, 7, 100123. [Google Scholar] [CrossRef]

	



Sun, H.; Lei, T.; Liu, J.; Guo, X.; Lv, J. Physicochemical Properties of Water-Based Copolymer and Zeolite Composite Sustained-Release Membrane Materials. Materials 2022, 15, 8553. [Google Scholar] [CrossRef] [PubMed]

	



European Food Safety Authority. Statement on the Request for a Modification of the Specification on Solubility of the Food Additive Polyvinyl Alcohol (E 1203) in Ethanol and Its Possible Impact on the Safety Assessment. EFSA J. 2014, 12, 3820. [Google Scholar] [CrossRef]

	



Aslam, M.; Kalyar, M.A.; Raza, Z.A. Polyvinyl Alcohol: A Review of Research Status and Use of Polyvinyl Alcohol Based Nanocomposites. Polym. Eng. Sci. 2018, 58, 2119–2132. [Google Scholar] [CrossRef]

	



Baker, M.I.; Walsh, S.P.; Schwartz, Z.; Boyan, B.D. A Review of Polyvinyl Alcohol and Its Uses in Cartilage and Orthopedic Applications. J. Biomed. Mater. Res. B Appl. Biomater. 2012, 100B, 1451–1457. [Google Scholar] [CrossRef] [PubMed]

	



Tahir, R.; Albargi, H.B.; Ahmad, A.; Qadir, M.B.; Khaliq, Z.; Nazir, A.; Khalid, T.; Batool, M.; Arshad, S.N.; Jalalah, M.; et al. Development of Sustainable Hydrophilic Azadirachta indica Loaded PVA Nanomembranes for Cosmetic Facemask Applications. Membranes 2023, 13, 156. [Google Scholar] [CrossRef]

	



Saad, F.; Hassabo, A.G.; Othman, H.A.; Mosaad, M.M.; Mohamed, A.L. A Valuable Observation on Thickeners for Valuable Utilisation in the Printing of Different Textile Fabrics. Egypt J. Chem. 2022, 65, 431–448. [Google Scholar] [CrossRef]

	



Park, J.; Lee, J.; Kim, Y.M.; Kang, M.J.; Suh, H.J.; Lee, J.; Lee, H.S.; Lee, C. A High-Performance Liquid Chromatography–Evaporative Light Scattering Detection–Based Quantitative Analytical Method for Polyvinyl Alcohol in Food Supplements with Pyrolysis–Gas Chromatography/Mass Spectrometry-Based Verification. Food Sci. Biotechnol. 2022, 31, 797–805. [Google Scholar] [CrossRef]

	



Chiellini, E.; Corti, A.; D’Antone, S.; Solaro, R. Biodegradation of Poly (Vinyl Alcohol) Based Materials. Prog. Polym. Sci. 2003, 28, 963–1014. [Google Scholar] [CrossRef]

	



de Oliveira, T.V.; de Freitas, P.A.V.; Pola, C.C.; da Silva, J.O.R.; Diaz, L.D.A.; Ferreira, S.O.; Soares, N.D.F.F. Development and Optimization of Antimicrobial Active Films Produced with a Reinforced and Compatibilized Biodegradable Polymers. Food Packag. Shelf Life 2020, 24, 100459. [Google Scholar] [CrossRef]

	



Bian, H.; Cao, M.; Wen, H.; Tan, Z.; Jia, S.; Cui, J. Biodegradation of Polyvinyl Alcohol Using Cross-Linked Enzyme Aggregates of Degrading Enzymes from Bacillus niacini. Int. J. Biol. Macromol. 2019, 124, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Yin, Z.; Cao, J.; Li, Z.; Qiu, D. Optimizing the Interaction between Poly(Vinyl Alcohol) and Sandy Soil for Enhanced Water Retention Performance. RSC Adv. 2016, 6, 13377–13383. [Google Scholar] [CrossRef]

	



Jo, H.J.; Park, K.M.; Min, S.C.; Na, J.H.; Park, K.H.; Han, J. Development of an Anti-Insect Sachet Using a Polyvinyl Alcohol-Cinnamon Oil Polymer Strip against Plodia interpunctella. J. Food Sci. 2013, 78, E1713–E1720. [Google Scholar] [CrossRef] [PubMed]

	



López-Velázquez, J.C.; Rodríguez-Rodríguez, R.; Espinosa-Andrews, H.; Qui-Zapata, J.A.; García-Morales, S.; Navarro-López, D.E.; Luna-Bárcenas, G.; Vassallo-Brigneti, E.C.; García-Carvajal, Z.Y. Gelatin–Chitosan–PVA Hydrogels and Their Application in Agriculture. J. Chem. Technol. Biotechnol. 2019, 94, 3495–3504. [Google Scholar] [CrossRef]

	



Younes, M.; Aquilina, G.; Castle, L.; Engel, K.H.; Fowler, P.; Fürst, P.; Gürtler, R.; Gundert-Remy, U.; Husøy, T.; Manco, M.; et al. Re-Evaluation of Polyvinylpyrrolidone (E 1201) and Polyvinylpolypyrrolidone (E 1202) as Food Additives and Extension of Use of Polyvinylpyrrolidone (E 1201). EFSA J. 2020, 18, e06215. [Google Scholar] [CrossRef] [PubMed]

	



Kurakula, M.; Rao, G.S.N.K. Pharmaceutical Assessment of Polyvinylpyrrolidone (PVP): As Excipient from Conventional to Controlled Delivery Systems with a Spotlight on COVID-19 Inhibition. J. Drug Deliv. Sci. Technol. 2020, 60, 102046. [Google Scholar] [CrossRef]

	



Luo, Y.; Hong, Y.; Shen, L.; Wu, F.; Lin, X. Multifunctional Role of Polyvinylpyrrolidone in Pharmaceutical Formulations. AAPS PharmSciTech 2021, 22, 34. [Google Scholar] [CrossRef]

	



Ben Ammar, N.E.; Essid, R.; Saied, T.; Şen, M.; Elkahoui, S.; Hamzaoui, A.H. Synthesis and Characterization of Radiation Cross-Linked PVP Hydrogels and Investigation of Its Potential as an Antileishmanial Drug Carrier. Polym. Bull. 2020, 77, 1343–1357. [Google Scholar] [CrossRef]

	



Tajik, F.; Eslahi, N.; Rashidi, A.; Rad, M.M. Hybrid Antibacterial Hydrogels Based on PVP and Keratin Incorporated with Lavender Extract. J. Polym. Res. 2021, 28, 316. [Google Scholar] [CrossRef]

	



Mondal, D.; Mollick, M.M.R.; Bhowmick, B.; Maity, D.; Bain, M.K.; Rana, D.; Mukhopadhyay, A.; Dana, K.; Chattopadhyay, D. Effect of Poly(Vinyl Pyrrolidone) on the Morphology and Physical Properties of Poly(Vinyl Alcohol)/Sodium Montmorillonite Nanocomposite Films. Prog. Nat. Sci. Mater. Int. 2013, 23, 579–587. [Google Scholar] [CrossRef]

	



Jin, S.G. Production and Application of Biomaterials Based on Polyvinyl Alcohol (PVA) as Wound Dressing. Chem Asian J 2022, 17. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Wei, Q. Editorial on the Special Issue “Modification of Hydrogels and Their Applications in Biomedical Engineering”. Gels 2023, 9, 263. [Google Scholar] [CrossRef] [PubMed]

	



Barbosa, E.J.; Ferraz, H.G. Gellan Gum and Polyvinylpyrrolidone (PVP) as Binding Agents in Extrusion/Spheronization Pellet Formulations. Acta Pharm. 2019, 69, 99–109. [Google Scholar] [CrossRef] [PubMed]

	



Odunayo, A.B.; Kayode, F.I.; Benjamin, A.A.; Adekola, A.I.; Ruth, O.O. Evaluation of the Binding Property of Some Binders in Metronidazole Tablet Formulation. Int. J. Pharm. Chem. 2021, 7, 22. [Google Scholar] [CrossRef]

	



Darabi, M.A.; Khosrozadeh, A.; Wang, Y.; Ashammakhi, N.; Alem, H.; Erdem, A.; Chang, Q.; Xu, K.; Liu, Y.; Luo, G.; et al. An Alkaline Based Method for Generating Crystalline, Strong, and Shape Memory Polyvinyl Alcohol Biomaterials. Adv. Sci. 2020, 7, 1902740. [Google Scholar] [CrossRef]

	



Bhuiyan, M.A.Q.; Shaifur Rahman, M.D.; Rahaman, M.S.; Shajahan, M.; Dafader, N.C. Improvement of Swelling Behaviour of Poly (Vinyl Pyrrolidone) and Acrylic Acid Blend Hydrogel Prepared By the Application of Gamma Radiation. Org. Chem. Curr. Res. 2015, 4, 2. [Google Scholar] [CrossRef]

	



Ghobashy, M.M. Ionizing radiation-induced polymerization. In Ionizing Radiation Effects and Applications; IntechOpen: London, UK, 2018; pp. 113–134. [Google Scholar]

	



Wang, Y.; Li, J.; Muhammad, N.; Wang, Z.; Wu, D. Hierarchical Networks of Anisotropic Hydrogels Based on Cross-Linked Poly(Vinyl Alcohol)/Poly(Vinylpyrrolidone). Polymer 2022, 251, 124920. [Google Scholar] [CrossRef]

	



Panarin, E.F.; Kalninsh, K.K.; Pestov, D.V. Complexation of Hydrogen Peroxide with Polyvinylpyrrolidone: Ab Initio Calculations. Eur. Polym. J. 2001, 37, 375–379. [Google Scholar] [CrossRef]

	



Liu, B.; Wang, Y.N.; Ding, W.; Shi, B. Preparation of Oxidised Polyvinyl Alcohol Using Hydrogen Peroxide and Its Application for Collagen Modification. J. Soc. Leather Technol. Chem. 2019, 103, 14–20. [Google Scholar]

	



Taliansky, S. Urea-Hydrogen Peroxide Complex. Synlett 2005, 12, 1962–1963. [Google Scholar] [CrossRef]

	



Sasson, E.; Agazani, O.; Malka, E.; Reches, M.; Margel, S. Engineered Cross-Linked Silane with Urea Polymer Thin Durable Coatings onto Polymeric Films for Controlled Antiviral Release of Activated Chlorine and Essential Oils. J. Funct. Biomater. 2023, 14, 270. [Google Scholar] [CrossRef]

	



de Faria, E.H.; Pimenta, G.; Matias, F.; e Silva, M.L.A.; Silva Filho, A.A.D.; Srgio, P.; Jos, E.; Jorge, K. Green Oxidation Reactions of Drugs Catalyzed by Bio-Inspired Complexes as an Efficient Methodology to Obtain New Active Molecules. In Biomimetic Based Applications; IntechOpen: London, UK, 2011. [Google Scholar]

	



Deveci, H. Factors Affecting Decomposition of Hydrogen Peroxide. In Proceedings of the XIIth International Mineral Processing Symposium, Cappadocia-Nevşehir, Turkey, 6–8 October 2010; pp. 609–616. [Google Scholar] [CrossRef]

	



Mahendra, K.T.; Shrikant, P.; Rakesh, M.; Snehasis, J. Structural and Physical Properties of Biofield Treated Thymol and Menthol. J. Mol. Pharm. Org. Process. Res. 2015, 3, 1000127. [Google Scholar] [CrossRef]

	



Najafloo, R.; Behyari, M.; Imani, R.; Nour, S. A Mini-Review of Thymol Incorporated Materials: Applications in Antibacterial Wound Dressing. J. Drug Deliv. Sci. Technol. 2020, 60, 101904. [Google Scholar] [CrossRef]

	



Malka, E.; Dombrovsky, A.; Margel, S. Preparation and Characterization of a Novel PVA/PVP Hydrogel Containing Entrapped Hydrogen Peroxide for Agricultural Applications. ACS Agric. Sci. Technol. 2022, 2, 430–436. [Google Scholar] [CrossRef]

	



Chen, S.; Yang, M.; Ba, C.; Yu, S.; Jiang, Y.; Zou, H.; Zhang, Y. Preparation and Characterization of Slow-Release Fertilizer Encapsulated by Biochar-Based Waterborne Copolymers. Sci. Total Environ. 2018, 615, 431–437. [Google Scholar] [CrossRef]

	



Wanapu, C.; Pinpeangchan, S.; Wanapu, C. Impact of Nitrogen Fertilizer (Encapsulated Urea Fertilizer) in Process of Controlled-Release Their Effect on Growth of Chinese Kale (Brassica alboglabra Bailey). Glob. Adv. Res. J. Agric. Sci. 2015, 4, 173–181. [Google Scholar]

	



Chang, L.; Xu, L.; Liu, Y.; Qiu, D. Superabsorbent Polymers Used for Agricultural Water Retention. Polym. Test 2021, 94, 107021. [Google Scholar] [CrossRef]

	



Tyagi, V.; Thakur, A. Carboxymethyl Cellulose-Polyvinyl Alcohol Based Materials: A Review. Mater. Today Proc. 2023. [Google Scholar] [CrossRef]

	



Mohammad, R.M.; Ali, A.; Hossain, M.F.; Bhuiyan, M.A.R.; Abd El-Lateef, H.M.; El-Moaty, A.R.A. Improved Protection and Comfort of Barrier Clothing via Moisture-Permeable Poly (Vinyl Alcohol)–Superabsorbent Polymer Nanofibrous Membrane. J. Mater. Res. Technol. 2023, 24, 3600–3607. [Google Scholar] [CrossRef]

	



Prakash, S.; Vasudevan, S.; Banerjee, A.; Joe, A.C.; Geetha, K.N.; Mani, S.K. Sustainable Irrigation through Application of Hydrogel: A Review. Alinteri J. Agric. Sci. 2021, 36, 38–52. [Google Scholar] [CrossRef]

	



Berradi, A.; Aziz, F.; Achaby, M.E.; Ouazzani, N.; Mandi, L. A Comprehensive Review of Polysaccharide-Based Hydrogels as Promising Biomaterials. Polymers 2023, 15, 2908. [Google Scholar] [CrossRef] [PubMed]

	



Rather, R.A.; Bhat, M.A.; Shalla, A.H. An Insight into Synthetic and Physiological Aspects of Superabsorbent Hydrogels Based on Carbohydrate Type Polymers for Various Applications: A Review. Carbohydr. Polym. Technol. Appl. 2022, 3, 100202. [Google Scholar] [CrossRef]

	



Damiri, F.; Bachra, Y.; Berrada, M.; Tuteja, J.; Sand, A. Future challenges and opportunities in the field of superabsorbent polymers. In Properties and Applications of Superabsorbent Polymers: Smart Applications with Smart Polymers; Arpit, S., Jaya, T., Eds.; Springer: Singapore, 2023; pp. 231–242. [Google Scholar]

	



Patra, S.K.; Poddar, R.; Brestic, M.; Acharjee, P.U.; Bhattacharya, P.; Sengupta, S.; Pal, P.; Bam, N.; Biswas, B.; Barek, V.; et al. Prospects of Hydrogels in Agriculture for Enhancing Crop and Water Productivity under Water Deficit Condition. Int. J. Polym. Sci. 2022, 2022, 4914836. [Google Scholar] [CrossRef]

	



Teodorescu, M.; Bercea, M.; Morariua, S. Biomaterials of PVA and PVP in Medical and Pharmaceutical Applications: Perspectives and Challenges. Biotechnol. Adv. 2019, 37, 109–131. [Google Scholar] [CrossRef]

	



Muresan-Pop, M.; Magyari, K.; Vulpoi, A. PVA and PVP Hydrogel Blends for Wound Dressing: Synthesis and Characterisation. Adv. Mat. Res. 2019, 1151, 9–14. [Google Scholar] [CrossRef]

	



Alipour, R.; Khorshidi, A.; Shojaei, A.F.; Mashayekhi, F.; Moghaddam, M.J.M. Skin Wound Healing Acceleration by Ag Nanoparticles Embedded in PVA/PVP/Pectin/Mafenide Acetate Composite Nanofibers. Polym. Test 2019, 79, 106022. [Google Scholar] [CrossRef]

	



Wen, P.; Hu, T.G.; Wen, Y.; Li, K.E.; Qiu, W.P.; He, Z.L.; Wang, H.; Wu, H. Development of Nervilia fordii extract-loaded electrospun pva/pvp nanocomposite for antioxidant packaging. Foods 2021, 10, 1728. [Google Scholar] [CrossRef]

	



Guo, Y.; Guo, R.; Shi, X.; Lian, S.; Zhou, Q.; Chen, Y.; Liu, W.; Li, W. Synthesis of Cellulose-Based Superabsorbent Hydrogel with High Salt Tolerance for Soil Conditioning. Int. J. Biol. Macromol. 2022, 209, 1169–1178. [Google Scholar] [CrossRef]

	



de Vasconcelos, M.C.; Gomes, R.F.; Sousa, A.A.L.; Moreira, F.J.C.; Rodrigues, F.H.A.; Fajardo, A.R.; Neto, L.G.P. Superabsorbent Hydrogel Composite Based on Starch/Rice Husk Ash as a Soil Conditioner in Melon (Cucumis melo L.) Seedling Culture. J. Polym. Environ. 2020, 28, 131–140. [Google Scholar] [CrossRef]

	



Shi, Y.; Xiong, D.; Liu, Y.; Wang, N.; Zhao, X. Swelling, Mechanical and Friction Properties of PVA/PVP Hydrogels after Swelling in Osmotic Pressure Solution. Mater. Sci. Eng. C 2016, 65, 172–180. [Google Scholar] [CrossRef]

	



Leone, G.; Consumi, M.; Greco, G.; Bonechi, C.; Lamponi, S.; Rossi, C.; Magnani, A. A PVA/PVP Hydrogel for Human Lens Substitution: Synthesis, Rheological Characterization, and in Vitro Biocompatibility. J. Biomed. Mater. Res. B Appl. Biomater. 2011, 97B, 278–288. [Google Scholar] [CrossRef] [PubMed]

	



Karoyo, A.H.; Wilson, L.D. A Review on the Design and Hydration Properties of Natural Polymer-Based Hydrogels. Materials 2021, 14, 1095. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, Y.; Ru, X.; Shi, J.; Song, J.; Zhao, H.; Liu, Y.; Guo, D.; Lu, X. Preparation and Properties of a Novel Semi-IPN Slow-Release Fertilizer with the Function of Water Retention. J. Agric. Food Chem. 2017, 65, 10851–10858. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, N.; Singh, A.; Dutta, R.K. Biodegradable Fertilizer Nanocomposite Hydrogel Based on Poly(Vinyl Alcohol)/Kaolin/Diammonium Hydrogen Phosphate (DAhP) for Controlled Release of Phosphate. Polymer. Bulletin. 2021, 78, 2933–2950. [Google Scholar] [CrossRef]

	



Zhang, M.; Yang, M.; Woo, M.W.; Li, Y.; Han, W.; Dang, X. High-Mechanical Strength Carboxymethyl Chitosan-Based Hydrogel Film for Antibacterial Wound Dressing. Carbohydr. Polym. 2021, 256, 117590. [Google Scholar] [CrossRef]

	



Jeong, D.; Kim, C.; Kim, Y.; Jung, S. Dual Crosslinked Carboxymethyl Cellulose/Polyacrylamide Interpenetrating Hydrogels with Highly Enhanced Mechanical Strength and Superabsorbent Properties. Eur. Polym. J. 2020, 127, 109586. [Google Scholar] [CrossRef]

	



Pamies, R.; Martinez, M.C.L.; Cifre, J.G.H.; De La Torre, J.G. Non-Newtonian Viscosity of Dilute Polymer Solutions. Macromolecules 2005, 38, 1371–1377. [Google Scholar] [CrossRef]

	



Yi, Y.; Chiao, M.; Mahmoud, K.A.; Wu, L.; Wang, B. Preparation and Characterization of PVA/PVP Conductive Hydrogels Formed by Freeze–Thaw Processes as a Promising Material for Sensor Applications. J. Mater. Sci. 2022, 57, 8029–8038. [Google Scholar] [CrossRef]

	



Sharma, T.; Joshi, A.; Jain, A.; Chaturvedi, K.R. Enhanced Oil Recovery and CO2 Sequestration Potential of Bi-Polymer Polyvinylpyrrolidone-Polyvinyl Alcohol. J. Pet. Sci. Eng. 2022, 211, 110167. [Google Scholar] [CrossRef]

	



Bonelli, N.; Poggi, G.; Chelazzi, D.; Giorgi, R.; Baglioni, P. Poly(Vinyl Alcohol)/Poly(Vinyl Pyrrolidone) Hydrogels for the Cleaning of Art. J. Colloid Interface Sci. 2019, 536, 339–348. [Google Scholar] [CrossRef]

	



Bercea, M.; Morariu, S.; Teodorescu, M. Rheological Investigation of Poly(Vinyl Alcohol)/Poly(N-Vinyl Pyrrolidone) Mixtures in Aqueous Solution and Hydrogel State. J. Polym. Res. 2016, 23, 142. [Google Scholar] [CrossRef]

	



Kowalczyk, A.; Przychodna, M.; Sopata, S.; Bodalska, A.; Fecka, I. Thymol and Thyme Essential Oil—New Insights into Selected Therapeutic Applications. Molecules 2020, 25, 4125. [Google Scholar] [CrossRef] [PubMed]

	



Sigurdarson, J.J.; Svane, S.; Karring, H. The Molecular Processes of Urea Hydrolysis in Relation to Ammonia Emissions from Agriculture. Rev. Environ. Sci. Biotechnol. 2018, 17, 241–258. [Google Scholar] [CrossRef]

	



Beig, B.; Niazi, M.B.K.; Jahan, Z.; Hussain, A.; Zia, M.H.; Mehran, M.T. Coating Materials for Slow Release of Nitrogen from Urea Fertilizer: A Review. J. Plant Nutr. 2020, 43, 1510–1533. [Google Scholar] [CrossRef]

	



Skrzypczak, D.; Jarzembowski, Ł.; Izydorczyk, G.; Mikula, K.; Hoppe, V.; Mielko, K.A.; Pudełko-Malik, N.; Młynarz, P.; Chojnacka, K.; Witek-Krowiak, A. Hydrogel Alginate Seed Coating as an Innovative Method for Delivering Nutrients at the Early Stages of Plant Growth. Polymers 2021, 13, 4233. [Google Scholar] [CrossRef] [PubMed]

	



Liang, J.; Luo, J.; Sun, Q.; Yang, X.; Li, R.; Sun, X. Recent Progress on Solid-State Hybrid Electrolytes for Solid-State Lithium Batteries. Energy Storage Mater. 2019, 21, 308–334. [Google Scholar] [CrossRef]

	



Bidadi, H.; Olad, A.; Parhizkar, M.; Mohammadi Aref, S.; Ghafouri, M. Nonlinear Properties of ZnO-Polymer Composites Prepared by Solution-Casting Method. Vacuum 2013, 87, 50–54. [Google Scholar] [CrossRef]

	



Zhang, S.; He, Y.; Yin, Y.; Jiang, G. Fabrication of Innovative Thermoplastic Starch Bio-Elastomer to Achieve High Toughness Poly(Butylene Succinate) Composites. Carbohydr. Polym. 2019, 206, 827–836. [Google Scholar] [CrossRef]

	



Emerson, A.E.; Mccall, A.B.; Brady, S.R.; Slaby, E.M.; Weaver, J.D. Hydrogel Injection Molding to Generate Complex Cell Encapsulation Geometries. ACS Biomater. Sci. Eng. 2022, 8, 4002–4013. [Google Scholar] [CrossRef]

	



Turner, J.G.; White, L.R.; Estrela, P.; Leese, H.S. Hydrogel-Forming Microneedles: Current Advancements and Future Trends. Macromol. Biosci. 2021, 21, e2000307. [Google Scholar] [CrossRef]

	



Fu, H.; Xu, H.; Liu, Y.; Yang, Z.; Kormakov, S.; Wu, D.; Sun, J. Overview of Injection Molding Technology for Processing Polymers and Their Composites. ES Mater. Manuf. 2020, 8, 3–23. [Google Scholar] [CrossRef]

	



Cao, D.; Malakooti, S.; Kulkarni, V.N.; Ren, Y.; Liu, Y.; Nie, X.; Qian, D.; Griffith, D.T.; Lu, H. The Effect of Resin Uptake on the Flexural Properties of Compression Molded Sandwich Composites. Wind. Energy 2022, 25, 71–93. [Google Scholar] [CrossRef]

	



Guerrero, P.; Muxika, A.; Zarandona, I.; de la Caba, K. Crosslinking of Chitosan Films Processed by Compression Molding. Carbohydr. Polym. 2019, 206, 820–826. [Google Scholar] [CrossRef] [PubMed]

	



Jaafar, J.; Siregar, J.P.; Tezara, C.; Hamdan, M.H.M.; Rihayat, T. A Review of Important Considerations in the Compression Molding Process of Short Natural Fiber Composites. Int. J. Adv. Manuf. Technol. 2019, 105, 3437–3450. [Google Scholar] [CrossRef]

	



Liu, F.; Li, W.; Liu, H.; Yuan, T.; Yang, Y.; Zhou, W.; Hu, Y.; Yang, Z. Preparation of 3D Printed Chitosan/Polyvinyl Alcohol Double Network Hydrogel Scaffolds. Macromol. Biosci. 2021, 21, 2000398. [Google Scholar] [CrossRef]

	



Kalossaka, L.M.; Sena, G.; Barter, L.M.C.; Myant, C. Review: 3D Printing Hydrogels for the Fabrication of Soilless Cultivation Substrates. Appl. Mater. Today 2021, 24, 101088. [Google Scholar] [CrossRef]

	



Puza, F.; Lienkamp, K. 3D Printing of Polymer Hydrogels—From Basic Techniques to Programmable Actuation. Adv. Funct. Mater. 2022, 32, 2205345. [Google Scholar] [CrossRef]

	



Zhou, L.; Yu, M.; Yao, L.; Lai, W.Y. Mayer Rod-Coated Organic Light-Emitting Devices: Binary Solvent Inks, Film Topography Optimization, and Large-Area Fabrication. Adv. Eng. Mater. 2022, 24, 2101558. [Google Scholar] [CrossRef]

	



Salawi, A. Pharmaceutical Coating and Its Different Approaches, A Review. Polymers 2022, 14, 3318. [Google Scholar] [CrossRef]

	



Krishnamoorthy, V.; Elumalai, G.; Rajiv, S. Environment Friendly Synthesis of Polyvinylpyrrolidone Nanofibers and Their Potential Use as Seed Coats. N. J. Chem. 2016, 40, 3268–3276. [Google Scholar] [CrossRef]

	



Vaňharová, L.; Julinová, M.; Jurča, M.; Minařík, A.; Vinter, Š.; Šašinková, D.; Wrzecionko, E. Environmentally Friendly Polymeric Films Based on Biocarbon, Synthetic Zeolite and PVP for Agricultural Chemistry. Polym. Bull. 2022, 79, 4971–4998. [Google Scholar] [CrossRef]

	



Ventura-Aguilar, R.I.; Díaz-Galindo, E.P.; Bautista-Baños, S.; Mendoza-Acevedo, S.; Munguía-Cervantes, J.E.; Correa-Pacheco, Z.N.; Bosquez-Molina, E. Monitoring the Infection Process of Rhizopus Stolonifer on Strawberry Fruit during Storage Using Films Based on Chitosan/Polyvinyl Alcohol/Polyvinylpyrrolidone and Plant Extracts. Int. J. Biol. Macromol. 2021, 182, 583–594. [Google Scholar] [CrossRef] [PubMed]

	



Abdul, S.; Soud, S.; Hasson, B.A.; Ismail, A. Synthesis and characterization of plant extracts loaded PVA/PVP blend films and evaluate their biological activities. EurAsian J. BioSci. 2020, 14, 2921–2931. [Google Scholar]

	



Chen, S.; Han, Y.; Yang, M.; Zhu, X.; Liu, C.; Liu, H.; Zou, H. Hydrophobically Modified Water-Based Polymer for Slow-Release Urea Formulation. Prog Org Coat 2020, 149. [Google Scholar] [CrossRef]

	



Marcelo, G.A.; Galhano, J.; Duarte, M.P.; Kurutos, A.; Capelo-Martínez, J.L.; Lodeiro, C.; Oliveira, E. Functional Cyanine-Based PVA:PVP Polymers as Antimicrobial Tools toward Food and Health-Care Bacterial Infections. Macromol. Biosci. 2022, 22, e2200244. [Google Scholar] [CrossRef]

	



Hussain, Z.; Khan, M.A.; Iqbal, F.; Raffi, M.; Hafeez, F.Y. Electrospun Microbial-Encapsulated Composite-Based Plasticized Seed Coat for Rhizosphere Stabilization and Sustainable Production of Canola (Brassica napus L.). J. Agric. Food Chem. 2019, 67, 5085–5095. [Google Scholar] [CrossRef]

	



Pokhrel, S.; Karki, P. Peanut Shells Cellulose Based Biodegradable Nanocomposites with Polyvinyl Pyrrolidone (PVP) and Polyvinyl Alcohol (PVA). Macromol. Symp. 2023, 409, 2200183. [Google Scholar] [CrossRef]

	



Narasimhamurthy, K.N.; Daruka Prasad, B.; Radha Krushna, B.R.; Sharma, S.C.; Ponnazhagan, K.; Francis, D.; Nijalingappa, T.B.; Nasreen Taj, M.; Nagabhushana, H. Nanocomposites of PVA-PVP and l-Ascorbic Acid Modified ZnO:Fe via Ultrasonic Irradiation as a Green Technique: Latent Fingerprint Detection, Food Packing and Anti-Bacterial Applications. Inorg. Chem. Commun. 2023, 156, 111161. [Google Scholar] [CrossRef]

	



Akraa, M.; Kadhim, H.; Salah, A.S.; Akraa, M.A.; Jawad, M.; Kadhim, H.; Abbas, S.J.; Hasan, A.S. Simulation and Preparation of an Eco-Food Container by Using Bio-Additive of Beet Juice in Polyvinyl Alcohol/Polyvinylpyrrolidone Blend: Physical Application The Effects of the PEDOT:PSS Acidity on the Performance and Stability of P3HT:PCBM-Based OSCs View Project Nanotechnology View Project Simulation and Preparation of an Eco-Food Container by Using Bio-Additive of Beet Juice in Polyvinyl Alcohol/Polyvinylpyrrolidone Blend: Physical Application. TEST Eng. Manag. 2020, 83, 16669–16676. [Google Scholar]

	



Hashmi, M.; Ullah, S.; Ullah, A.; Saito, Y.; Haider, M.K.; Bie, X.; Wada, K.; Kim, I.S. Carboxymethyl Cellulose (Cmc) Based Electrospun Composite Nanofiber Mats for Food Packaging. Polymers 2021, 13, 302. [Google Scholar] [CrossRef]

	



Astuti, R.D. Patch Formulation of Celery Leaves Extract (Apium Graveolens L.) As Mosquito Repellent. In Proceedings of the First International Conference on Health, Social Sciences and Technology (ICoHSST 2020), Palembang, Indonesia, 20–21 October 2020; Atlantis Press: Amsterdam, The Netherlands, 2021; pp. 83–87. [Google Scholar]

	



Jiang, L.; Huang, H.; Shi, X.; Wu, J.; Ye, J.; Xu, Q.; Fang, S.; Wu, C.; Luo, R.; Lu, C.; et al. Biocontrol Microneedle Patch: A Promising Agent for Protecting Citrus Fruits from Postharvest Infection. Pharmaceutics 2023, 15, 1219. [Google Scholar] [CrossRef] [PubMed]

	



Badineni, V.; Maseed, H.; Arla, S.K.; Yerramala, S.; Vijaya Kumar Naidu, B.; Kaviyarasu, K. Effect of PVA/PVP Protective Agent on the Formation of Silver Nanoparticles and Its Photocatalytic and Antimicrobial Activity. Mater. Today Proc. 2019, 36, 121–125. [Google Scholar] [CrossRef]

	



Mohamed, S.S.; Hassan, M.A.; Abdelgani, M.E. Effect of High Temperature on Rhizobia Survival on Different Leguminous Seeds Inoculated with Liquid Formulations. Glob. Adv. Res. J. Agric. Sci. 2020, 9, 2315–5094. [Google Scholar]

	



El-Kader, M.F.H.A.; Elabbasy, M.T.; Adeboye, A.A.; Menazea, A.A. Nanocomposite of PVA/PVP Blend Incorporated by Copper Oxide Nanoparticles via Nanosecond Laser Ablation for Antibacterial Activity Enhancement. Polym. Bull. 2022, 79, 9779–9795. [Google Scholar] [CrossRef]

	



Narayanan, A.; Marimuthu, M.; Mani, A.; Vasu, G.; Subhadra, R. Studies on the Antimicrobial Activity of Ormocarpum Cochinchinense Leaf Extract/PVA-PVP Blended Polymer. ChemistrySelect 2023, 8, e202203512. [Google Scholar] [CrossRef]

	



Reich, S.; Kaiser, P.; Mafi, M.; Schmalz, H.; Rhinow, D.; Freitag, R.; Greiner, A. High-Temperature Spray-Dried Polymer/Bacteria Microparticles for Electrospinning of Composite Nonwovens. Macromol. Biosci. 2019, 19, e1800356. [Google Scholar] [CrossRef]

	



Raja, K.; Prabhu, C.; Subramanian, K.S.; Govindaraju, K. Electrospun Polyvinyl Alcohol (PVA) Nanofibers as Carriers for Hormones (IAA and GA3) Delivery in Seed Invigoration for Enhancing Germination and Seedling Vigor of Agricultural Crops (Groundnut and Black Gram). Polym. Bull. 2021, 78, 6429–6440. [Google Scholar] [CrossRef]

	



El-Gamal, S.; Elsayed, M. Positron Annihilation and Electrical Studies on the Influence of Loading Magnesia Nanoribbons on PVA-PVP Blend. Polym. Test 2020, 89, 106681. [Google Scholar] [CrossRef]

	



Hashmi, M.; Ullah, S.; Ullah, A.; Akmal, M.; Saito, Y.; Hussain, N.; Ren, X.; Kim, I.S. Optimized Loading of Carboxymethyl Cellulose (Cmc) in Tri-Component Electrospun Nanofibers Having Uniform Morphology. Polymers 2020, 12, 2524. [Google Scholar] [CrossRef]

	



Khatun, M.A.; Sultana, S.; Islam, Z.; Kabir, M.S.; Hossain, M.S.; Nur, H.P.; Chowdhury, A.M.S. Extraction of Crystalline Nanocellulose (CNC) from Date Palm Mat Fibers and Its Application in the Production of Nanocomposites with Polyvinyl Alcohol and Polyvinylpyrrolidone Blended Films. Results Eng. 2023, 17, 101031. [Google Scholar] [CrossRef]

	



Srivastav, A.L. Chemical Fertilizers and Pesticides: Role in Groundwater Contamination. In Agrochemicals Detection, Treatment and Remediation; Elsevier: Amsterdam, The Netherlands, 2020; pp. 143–159. [Google Scholar]

	



Lobban, R.; Biswas, A.; Ruiz-Márquez, K.J.; Bellan, L.M. Leveraging the Gel-to-Sol Transition of Physically Crosslinked Thermoresponsive Polymer Hydrogels to Enable Reactions Induced by Lowering Temperature. RSC Adv. 2022, 12, 21885–21891. [Google Scholar] [CrossRef] [PubMed]

	



Pan, J.; Jin, Y.; Lai, S.; Shi, L.; Fan, W.; Shen, Y. An Antibacterial Hydrogel with Desirable Mechanical, Self-Healing and Recyclable Properties Based on Triple-Physical Crosslinking. Chem. Eng. J. 2019, 370, 1228–1238. [Google Scholar] [CrossRef]

	



Bustamante-Torres, M.; Romero-Fierro, D.; Arcentales-Vera, B.; Palomino, K.; Magaña, H.; Bucio, E. Hydrogels Classification According to the Physical or Chemical Interactions and as Stimuli-Sensitive Materials. Gels 2021, 7, 182. [Google Scholar] [CrossRef] [PubMed]

	



Franco, P.; De Marco, I. The Use of Poly(N-Vinyl Pyrrolidone) in the Delivery of Drugs: A Review. Polymers 2020, 12, 1114. [Google Scholar] [CrossRef] [PubMed]

	



Wu, H.F.; Yue, L.Z.; Jiang, S.L.; Lu, Y.Q.; Wu, Y.X.; Wan, Z.Y. Biodegradation of Polyvinyl Alcohol by Different Dominant Degrading Bacterial Strains in a Baffled Anaerobic Bioreactor. Water Sci. Technol. 2019, 79, 2005–2012. [Google Scholar] [CrossRef]

	



Zhang, H.Z.; Liu, B.L.; Luo, R.; Wu, Y.; Lei, D. The Negative Biodegradation of Poly(Vinyl Alcohol) Modified by Aldehydes. Polym. Degrad. Stab. 2006, 91, 1740–1746. [Google Scholar] [CrossRef]

	



Danasa, A.S.; Soesilo, T.E.B.; Martono, D.N.; Sodri, A.; Hadi, A.S.; Chandrasa, G.T. The Ammonia Release Hazard and Risk Assessment: A Case Study of Urea Fertilizer Industry in Indonesia. Earth Environ. Sci. 2019, 399, 012087. [Google Scholar] [CrossRef]

	



Roy, N.; Saha, N. Chemical Pesticides and Human Health: The Urgent Need for a New Concept in Agriculture. Front. Public Health 2016, 4, 148. [Google Scholar] [CrossRef]

	



McDonnell, G. The Use of Hydrogen Peroxide for Disinfection and Sterilization Applications. In Patai’s Chemistry of Functional Groups; John Wiley & Sons: Hoboken, NJ, USA, 2009; pp. 1–34. [Google Scholar] [CrossRef]

	



Hu, D.; Coats, J. Evaluation of the Environmental Fate of Thymol and Phenethyl Propionate in the Laboratory. Pest Manag. Sci. 2008, 64, 775–779. [Google Scholar] [CrossRef]

	



Bortoletto-Santos, R.; Ribeiro, C.; Polito, W.L. Controlled Release of Nitrogen-Source Fertilizers by Natural-Oil-Based Poly(Urethane) Coatings: The Kinetic Aspects of Urea Release. J. Appl. Polym. Sci. 2016, 133, 43790. [Google Scholar] [CrossRef]








[image: Gels 09 00895 g001] 





Figure 1. Representative agricultural PVA/PVP hydrogel structures: PVA and PVP precursors (in the red frame), physically cross-linked unloaded PVA/PVP (white arrow) and entrapped with HP and urea (peach arrow), PVA/PVP/thymol (blue arrow), PVA/PVP/HP/thymol (green arrow), chemically cross-linked PVA/PVP/HP (grey arrow) hydrogels. 
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Figure 2. Loading of active substances can occur either through (A) the swelling of hydrophilic and heat-sensitive materials or (B) the in situ entrapment of hydrophobic and more thermally stable substances. 
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Figure 3. Release rate of HP from PVA/PVP/HP hydrogels to water. Prepared by 3 freeze–thaw cycles (orange) or followed with surface chemical cross-linking by GA (yellow). 
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Figure 4. Graphical illustration of the main current agricultural uses of PVA/PVP hydrogels, including coatings, and their future potential as soil conditioner additives. 
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Figure 5. PVA/PVP-based hydrogels composed of 15 w% PVA and 6 w% PVP engineered into various forms for plant and crop protection: neat and loaded with 6 w% HP coatings on polymeric sheets (A left and right, respectively), implemented as potato crop bags stored in 2–10 °C refrigerated room (F). Seedling plates unloaded and loaded with HP (B left and right, respectively), for implanting seedlings placed in greenhouse (temperature: 18–24 °C, relative humidity: 40–80%). (G). Capsules loaded and unloaded (C left and right, respectively) with 5% thymol (w/w) anchored on banana plantations are protected by net sheets and grow in mediterranean weather all year (H). Spray formulation, unloaded and loaded with 5 w% thymol (D left and right, respectively) utilized on seedling foliage placed in greenhouse (I); uncoated and coated encapsulations of fertilizer granules (E left and right, respectively) implemented in plant soil placed in greenhouse (J). 
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Figure 6. Mold growth rate over several days. Uncoated PE sheets (blue) are a control. PVA/PVP/HP hydrogel coated sheets (red) contain an entrapped anti-mold component. 
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Figure 7. Mold growth rate over several days as a function of coating type. The PVA/PVP hydrogel PE coated sheets (blue) are a control. PE sheets coated with PVA/PVP/thymol (1.25 w% thymol precursor, black) or PVA/PVP/HP-thymol (0.63% each of HP and thymol precursors, orange) present coatings with entrapped anti-mold components. 
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Figure 8. Biological assay of ToBRFV on Nicotiana tabacum. 35 (A) Control tobacco plants (control treatment with no active molecule) developed symptoms of local lesions (LLs) on leaves following ToBRFV infection. (B) No ToBRFV LL symptoms were developed following hydrogen peroxide-loaded hydrogel treatment. 
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Figure 9. Biological assay of ToBRFV on tomato plants. (A) Seedlings infected with ToBRFV after being inoculated in a control PVA/PVP hydrogel. (B) Tobacco seedling infected with the virus after being inoculated in a PVA/PVP/HP hydrogel. 
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Figure 10. (A) Slow release utilizing PVA/PVP hydrogel, making pesticide, fertilizer, and water application to plant foliage and roots more efficient while minimizing waste. (B) Parameters can influence the biodegradation of hydrogels, with the goal of achieving greater biodegradability. (C) Reversible physical cross-linked hydrogels allow for reusability with less waste. (D) Degradation of released pesticides and fertilizers results in relatively environmentally friendly residues. 
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Table 1. Hydrogels and their PVA/PVP derivatives, designed for agricultural applications or possessing properties suitable for agricultural use.






Table 1. Hydrogels and their PVA/PVP derivatives, designed for agricultural applications or possessing properties suitable for agricultural use.





	Hydrogel Type
	Application Method
	Purpose
	Reference





	Physical cross-linked PVA/PVP loaded with hydrogen peroxide
	Loaded hydrogels in direct contact with the virus or exposure via released vapor
	Virucide: eradication of Tomato Brown Rugose Fruit Virus (ToBRV)
	[10]



	Physical cross-linked PVA/PVP loaded with varied thymol and hydrogen peroxide ratios
	Hydrogel coatings placed on top of hay
	Fungicide: prevention of mold growth on hay
	[65]



	Physical cross-linked PVA/PVP
	Coatings encapsulated urea granules
	Slow-release fertilizer and soil conditioner
	[118]



	Chemical cross-linked PVA/PVP with epoxy resin and zeolite
	Membrane slow release of urea
	Slow-release fertilizer
	[81]



	Chemical cross-linked with biochar copolymer PVA/PVP
	Coating material encapsulates urea granules
	Slow-release fertilizer
	[117]



	Physical cross-linked Chitosan/PVA/PVP
	Films loaded with chitosan nanoparticles
	Fungicide: prevention of fungus growth on strawberry
	[165]



	Chemical cross-linked PVA/PVP
	Films loaded with plant extracts
	Broad-band antimicrobial activity
	[166]



	Physical cross-linked PVA/PVP
	Coatings encapsulate urea
	Slow-release fertilizer
	[167]



	Physical cross-linked PVA/PVP
	Films loaded with cyanine derivatives and their Cu2+ complexes
	Broad-band antimicrobial activity
	[168]



	Physical cross-linked PVA/PVP/Glycerol
	Coated seeds loaded with pro-microbial inoculant
	Plant growth-promoting bacteria
	[169]



	PVA/PVP/Cellulose
	Films loaded with ZnO and cellulose
	Antimicrobial activity
	[170]



	Physical cross-linked PVA/PVP
	Films loaded with ZnO:Fe modified with vitamin C nanoparticles
	UV protection and antimicrobial activity
	[171]



	Physical cross-linked PVA/PVP
	Films loaded with anthocyanin
	UV and visible radiation protectant
	[172]



	Chemical cross-linked CMC/PVA/PVP
	Nanofiber mats
	Moisture reducer: fruit and vegetable preservatives
	[173]



	Physical cross-linked PVA/PVP/PEG
	Coatings loaded with celery leaf extract on aluminum foil
	Insect repellent
	[174]



	Chemical cross linked PVA/PVP
	Microneedles loaded with epsilon-poly-L-lysine
	Reduction of fungal infections in citrus fruit pericarp
	[175]



	Physical cross-linked PVA/PVP
	Protective solution for the preparation of silver nanoparticles
	Antimicrobial activity
	[176]



	Physical cross-linked PVA and PVP
	Coated seeds loaded with pro-microbial inoculant
	Plant growth-promoting bacteria
	[177]



	Physical cross-linked PVA/PVP
	Films loaded with CuO
	Antimicrobial activity
	[178]



	Physical cross-linked PVA/PVP
	Films loaded wi