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Abstract: In recent decades, the ozone layer has suffered considerable damage, increasing the entry of ultraviolet (UV) light into the atmosphere and reaching the earth’s surface, negatively affecting life. Accordingly, researchers aimed to solve this problem by synthesizing advanced UV-shielding materials. On the other hand, developing an easy and green strategy to prepare functional materials with outstanding properties based on naturally abundant and environmentally friendly raw materials is highly desirable for sustainable development. Because biomass-derived materials are sustainable and biodegradable, they present a promising substitute for petroleum-based polymers. The three main structural constituents of the plant biomass-based materials that are naturally available are cellulose, hemicellulose, and lignin. This review details current developments using wood-based products such as cellulose, hemicellulose, and lignin in UV-shielding applications. It will start with assembling the structure and chemistry of cellulose, hemicellulose, and lignin, followed by their contributions to preparing UV-shielding materials. Finally, it will briefly discuss the different processing methods for the design of UV-shielding materials. The wood by-products offer additional opportunities to use the whole tree harvest.
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1  Introduction

People benefit from sunlight in many ways, such as increased synthesis of vitamin D and decreased expression of ß-endorphins [1]. About 10% of solar radiation comprises ultraviolet (UV) light, a high-intensity electromagnetic radiation with a wavelength ranging from 10 to 400 nm (Fig. 1). However, the earth’s atmosphere completely blocks light below 280 nm; in recent decades, most (320–400 nm) and partial (280–320 nm) lights can still reach the earth’s surface, increasing the UV radiation due to the loss of the stratospheric ozone layer, resulting in increasing of negative effects on human’s health such as photoaging, skin burns, skin cancer, and immune system damage [2]. In addition, UV radiation is responsible for the weathering, discoloration of pigments and dyes, loss of mechanical properties (cracking), yellowing of papers and plastics, and other problems. UV absorbers have effectively been used to conserve the material’s properties [3]. Moreover, UV light is produced from different artificial devices, such as mercury-vapor lamps, UV printers, electric arcs, and germicidal cabinets [4]. In general, UV shielding is materials that absorb or block light, and one of their significant applications is their use as sunscreens to protect skin from sun/UV-related damage. Also, UV shielding has been used to protect the hardware of the digital camera, which is sensitive to UV light. From this point, UV skincare products have risen rapidly to protect human skin from sun damage. In the 1900s, the first sunscreen was developed, and plant extracts were used to protect the skin from sunburns in ancient civilizations [5]. According to the capacity of UV filters, they are classified as UV-A (320–400 nm), UV-B (280–320 nm), or broad-spectrum (UV-A & UV-B) UV filters [6,7]. Recently, the development of UV-shielding materials, incredibly transparent UV-protective polymeric films, has attracted increasing attention [8]. There are two traditional UV filters; organic UV absorbers and inorganic UV blockers [9]. Inorganics mainly comprise nanoparticles like CeO2, ZnO, and TiO2, which possess broadband UV absorption. Still, their compatibility with polymeric matrices is poor, and when exposed to UV light, they produce reactive oxygen species, inducing photocatalytic degradation of polymers [10].
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Figure 1: UV, visible light, and infrared spectra range

In contrast, organic UV absorbers usually dissipate the energy as heat after absorbing UV light. Although organic UV absorbers show high UV-absorbing efficiency, most are photo-unstable due to their photodegradation or photoisomerization when exposed to UV light. Consequently, they can generate toxic photodegradation products and loss of photoprotective activity [11]. Therefore, natural products and synthetic derivatives using nanotechnology approaches have been investigated over the last two decades to find stable, safe, and high-efficiency UV filters. Recently, studies have documented that polyphenolic polymers and lignin derivatives exhibit better biosafety, stability, dispersion in water, and lower skin permeability. Thus, the methods developed to load small-molecule UV filters into polymers without destroying their UV shielding efficiency have practical value [12]. Accordingly, we aim to provide a short review of wood and its wood by-products followed by a comprehensive review of available studies focusing on utilizing wood by-products in manufacturing UV filters.

2  Wood

Wood has a hierarchical structure from the meter down to the nanoscale to molecular scales corresponding to trunk, fibrils, and cellulose chains [13]. Wood consists mainly of hemicellulose (25%–35%), cellulose (40%–50%), and lignin (18%–35%), and these materials can isolate from various agro-based feedstocks also (Fig. 2). The most abundant plant-based natural polymers are hemicellulose, cellulose, and lignin [14]. Cellulose is the main component of the cell wall; it forms long and highly oriented fibrils. Non-covalent crosslinks hold the highly branched, amorphous hemicellulose to the nearby cellulose filaments. A three-dimensional, unstructured molecule called lignin is bonded to carbohydrates by covalent and hydrogen bonds [15]. Lignocellulose is extensively used in various sectors, including antimicrobial [16,17], biomedical [18], electromagnetic shielding [19], energy storage [20], sensing [21], etc. Currently, lignocellulose may be extracted from various raw materials using different physical and chemical processes, including grinding [22], ultrasonic [23], enzymatic hydrolysis [24], alkali treatment, and acid treatment [25].
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Figure 2: Cellulose parts are surrounded by hemicellulose and lignin in the wood cell wall, and their chemical structures (Reprinted from reference [15] with permission from Materials, MDPI, Copyright © [2021])

2.1 Cellulose

Before petroleum-derived plastics were widely used, many cellulose polymers that were created commercially were widely used. There are still many cellulose derivatives in use today for specific purposes. Cellulose derivatives are soluble in various industrial solvents. They can be prepared from native cellulose, which is hydrophilic and water-insoluble due to the strong inter and intra-molecular hydrogen bonding within the polymeric chain of cellulose [26]. However, it has promising properties such as high biocompatibility, nontoxicity, high sorption capacity, thermal stabilities, and high mechanical strength. It has three OH groups in glucose residue, which are chemically active sites for modification. These sites can partially or fully react with chemicals to form cellulose derivatives [27]. The solubility of derivatives is advantageous for film development and other processing. The hydrophilic, swelling tendency and hygroscopic nature of cellulose limit its film-forming capability and require an energy-consuming drying process.

The cellulose derivatives can be divided into cellulose ethers, cellulose esters, and oxidized cellulose (Fig. 3). Ether derivatives are produced by replacing the hydrogen atom of OH groups of cellulose with alkyl groups [28]. Both derivatives can be prepared by homogeneous or heterogeneous modification. The properties of derivatives depend on the degree of substitution (average number of hydroxyl groups substituted per anhydroglucose units), degree of polymerization (chain length), and the purity of the cellulose, which is indicated by the relative mass fraction of a-cellulose. The more amorphous means less crystalline, the higher the diffusion rate of different reagents. The hardness, softness, moisture absorption, and biodegradability depend strongly on the degree of substitution; a high degree of substitution lowers the biodegradability.
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Figure 3: Cellulose structure and list of its derivatives

Also, the oxidation of cellulose is a promising process for creating new functional groups on the cellulose backbone and new properties. The oxidation process can be selectively achieved with 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) or potassium periodate or non-selective, using hydrogen peroxide, perchloric acid, etc. [29]. Periodate selective oxidation gives C2, C3-dialdehyde cellulose that can be further oxidized to dicarboxylic cellulose by sodium chlorite, while oxidation by TEMPO gives carboxy cellulose (C6) [30]. The combination of common oxidation agents, nitroxyl mediated and periodate, gives 2,3,6-tricarboxy cellulose [31].

Meanwhile, the degree of polymerization effect on the viscosity is associated with mechanical and rheological properties [32]. Cellulose can be further processed to produce cellulose nanocrystals or nanofibers produced by the acid hydrolysis of cellulose fibers. The characteristics of nanocelluloses are determined by the type of acid used, e.g., nanocrystals produced by hydrochloric acid treatment yield inferior colloidal stability. In contrast, those produced by sulfuric acid have good colloidal stability [33].

2.2 Hemicellulose

Hemicellulose is a heteroglycan composed of five and six-carbon sugars, including xylose, arabinose, mannose, galactose, and rhamnose (Fig. 4). It is the main component of lignocellulose and constitutes plant cells with cellulose and lignin, characterized by low polymerization and high branching. Its polymers include xylan, arabinoxylan, glucomannan, glucuronoxylan, and xyloglucan (Fig. 4) [34]. Hemicellulose has good biocompatibility [35], low cost, and comprehensive sources; consequently, it has attracted much attention in biomedical [36,37], sensors [38–40], and environmental applications [41,42,34]. It is rich in groups that have oxygen, such as hydroxyl, carboxyl, acetyl groups, etc. So, it can be modified by esterification [43,44], etherification [45,46], graft copolymerization [47,48], and others [49].
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Figure 4: Monomer sugars found in hemicellulose and example of polymers in hemicellulose

2.3 Lignin

Lignin is the second most abundant carbon source after cellulose, and it is amorphous and branched in structure. Approximately 50 million tons of lignin are produced worldwide annually as a by-product of pulp and paper industries and bio-refining operations. It is the main ingredient of black liquor produced from the kraft process in the pulp and paper industries [50]. In the plant, lignin helps to weld cells together and provides resistance against bending that occurs by wind. Also, it acts against fungal and bacterial pathogens. It comprises crosslinked, branched aromatic monomers linked together by ether (about 60%–70%) or C=C bonds (about 30%–40%) [51]: coniferyl alcohol, p-coumaryl alcohol, and sinapyl alcohol (Fig. 5). In softwoods, the predominant monomer is coniferyl alcohol; in hardwoods, coniferyl and sinapyl alcohols are the building blocks, while p-coumaryl alcohol is a minor component of grass and forage-type lignin (Table 1) [52]. Lignin contains many functional groups behind ketone, phenolic unit, and chromophores: UV radiation absorbing groups. The presence of these groups acquired the lignin UV blocking, antioxidant, and radical scavenging properties. Recently, it has been used as a reinforcement antioxidant, a thermostat, and a compatibilizer in polymer composites [53].
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Figure 5: Schematic representation for lignin structure (red, blue, and green colors are sinapyl, guaiacyl, and p-coumaryl alcohols, respectively) (Reprinted from reference [55] with permission from Sustainability, MDPI, Copyright © [2020])
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Moreover, several different materials can produce from lignin, Such as alkanes (cyclohexane), aliphatic acids (polyesters), simple aromatics (biphenyls, benzene, xylenes), hydroxylated aromatics (phenol, catechol, propylphenol), aromatic aldehydes (vanillin, syringaldehyde), and aromatic acids and diacids (vanillic acid). Also, high molecular weight compounds can be produced from lignin, such as polyelectrolytes, fillers for polymers, thermoplastic polymers, carbon fibers, and resins for wood adhesives and preservatives [51]. According to raw materials, lignin separation can be divided into separation from raw materials, pulp, or pulp waste liquid. Based on the separation principle, the dissolution of cellulose and hemicellulose leaves the insoluble lignin, dissolving the lignin and recovering lignin from the solution [54]. In the following sections, various strategies used in developing wood by-products as UV filters will be discussed.

3  Applications of Wood By-Products in UV Protection

3.1 1 Cellulose

Cellulose has no UV shielding efficiency but can be modified or coupled with other materials to accept this property. Dialdehyde cellulose was coupled with E-3-amino-5-(phenyldiazenyl)-2-thioxothiazolidin-4-one via Schiff base reaction and incorporated onto tricarboxy cellulose to get UV-shielding films (Fig. 6). The studies found that the film with 10% Dialdehyde cellulose-E-3-amino-5-(phenyldiazenyl)-2-thioxothiazolidin-4-one has 99.99%, 99.88%, and 96.19% UV-A, UV-B, and ultraviolet protection factor (UPF), respectively [56].
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Figure 6: Plausible mechanism of the reaction of dialdehyde cellulose with E-3-amino-5-(phenyldiazenyl)-2-thioxothiazolidin-4-one and formation of films and their UV protection (Reproduced from reference [56] with permission from Scientific Reports, Springer Nature, Copyright © [2022])

Cellulose is highly suitable as the host biomaterial of inorganic nanoparticles because it can improve stability, control growth, and retain the nanoparticle’s morphology. Also, it can preserve the excellent optical properties of inorganic nanoparticles and has a lot of hydroxyl groups. It can interact with transition-metal cations and acts as nanoreactors for in situ metal nanoparticle synthesis [57]. According to this fact, cellulosic materials with photo-functionality such as UV absorption, optoelectrical, light-diffusing, photoluminescent, and visible-light-induced photocatalytic properties have been prepared by introducing different functional inorganic nanoparticles such as metallic nanoparticles and quantum dots [58,59]. Cellulose can be used as a matrix for loading a UV blocker; regenerated cellulose/CeO2 nanocomposite films were prepared. Films exhibited UV shielding, high transmittance, a certain degree of hydrophobicity, and moderate thermal stability. Film with 2.95 wt% CeO2 had high UV shielding and >75% light transmittance (550 nm). CeO2 showed a strong absorption peak in the UV range with no absorption band >500 nm due to the wide band gap. In general, regenerated cellulose/CeO2 films showed good absorption in the UV-B region means that the organic–inorganic composites reserved the inherent optical properties of the CeO2 (Fig. 7) [60].
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Figure 7: UV absorption, transmittance, and digital pictures of regenerated cellulose (RC)/CeO2 and RC/CeO2 nanocomposite films (Abbreviations; RC = Regenerated cellulose) (Reprinted from reference [60] with permission from Polymers, MDPI, Copyright © [2019])

Modified cellulose can be loaded with UV-shielding to suit a specific application. For example, one potential of UV prevention is wearing clothes with UV protection, and the most used textile is cotton, which is natural cellulosic fiber. Unfortunately, it does not provide significant UV-shielding; this property can be improved by loading UV-shielding onto cotton fibers like nanoparticles [61]. Spherical, multi-petal, and rod ZnO-loaded cotton fabric were reported. The fiber coated by spherical and multi-petals-shaped ZnO shows excellent UV-shielding properties and good antibacterial activity, but the ZnO shape shows no considerable effect on antibacterial properties [62]. In another trial, Gorjanc et al. prepared cellulosic fibers with high UV protection by treating cellulosic fibers with moist CF4 plasma and functionalization with nano-ZnO. The prolonged plasma treatment agglomerated the ZnO nanoparticles and reduced the blocking effect. The optimum blocking with good distribution was obtained with plasma treatment for 10 s, with very high protection factor values (50+) [63]. In addition, graphene oxide (GO) was incorporated into cellulose to develop films with UV shielding, GO is capable of absorbing UV radiation due to its conjugated aromatic and planar structures. It was found that increasing the GO concentration increased the UV-shielding and decreased the transparency of visible-light. The films with 2 wt% GO possessed outstanding absorbance and showed complete UV-shielding (~99%) in both the UV-A and UV-B regions [64].

One imported cellulose form is the cellulose nanocrystals; the influence of cellulose nanocrystals on the physicochemical properties of sustainable chitosan biodegradable film was studied by Yadav et al. [65]. They found that the light absorption increased with increasing cellulose nanocrystals due to their 3D structure. Furthermore, cellulose nanocrystals blocked UV light, creating films resistant to UV wavelengths. The UV/visible light transmittance decreased from 94.62% to 61.17% with increasing cellulose nanocrystals from 0–8 wt% due to their agglomeration in the chitosan matrix. The results of the shielding effect at UV-B (280–320 nm), UV-A (320–400 nm), and visible regions (380–700 nm) showed that the cellulose nanocrystal conferred chitosan high barrier properties, resulting in enhanced UV light resistance (Fig. 8).
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Figure 8: (A) UV transmittance curve with digital image of fabricated films, (B) blocking effect of UV at different wavelengths for films (Abbreviations; CNC = Cellulose nanocrystal) (Reprinted from reference [65] with permission from Polymers, MDPI, Copyright © [2020])

Chemical modification of cellulose nanocrystals can also improve their UV-shielding efficiency, Mendoza et al. grafted cellulose nanocrystals with phenolic esters such as diethyl ferulate via a click-type copper-catalyzed azide/alkyne cycloaddition reaction and added to a poly(vinyl alcohol) to form excellent photostability and UV-shielding films (Fig. 9). Films with 20 wt% grafted cellulose nanocrystals exhibited complete UV-shielding, 70%–90% transmittance in the visible region, and increased the modulus and tensile strength by 150% and 91%, respectively, relative to neat poly(vinyl) alcohol. As authors reported, the grafted cellulose nanocrystals pointedly aid the dispersion of the phenolic diester in the aqueous poly(vinyl) alcohol, which was not achieved with diethyl ferulate [66]. Poly(cinnamoyloxy ethyl methacrylate) was grafted on cellulose nanocrystals via the surface-initiated atom transfer radical polymerization technique and incorporated into poly(vinyl chloride) giving transparent and UV-shielding films. Adding grafted cellulose nanocrystals enhanced the films’ mechanical properties and their thermal stability. Even after UV radiation, films demonstrated exceptional UV-shielding characteristics (Fig. 10) [67].

[image: images]

Figure 9: Schematic representation of the UV blocking and reinforcing effect of grafted cellulose nanocrystals by diethyl ferulate (20 wt%) in poly(vinyl) alcohol (Abbreviations, poly (vinyl) alcohol = PVA, diethyl ferulate = DEF, and cellulose nanocrystals = CNC) (Reprinted from reference [66] with permission from ACS Sustainable Chemistry & Engineering, American Chemical Society, Copyright © [2021])
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Figure 10: Schematic representation depicting the UV-filtering and reinforcing effect of grafted cellulose nanocrystals in poly(vinyl chloride) before and after heat annealing (Abbreviations, poly(vinyl chloride) = PVC, poly(cinnamoyloxy ethyl methacrylate) = PCEM, and cellulose nanocrystals = CNC) (Reprinted from reference [67] with permission from ACS Applied Nano Materials, American Chemical Society, Copyright © [2018])

Also cellulose nanocrystals were esterified with cinnamoyl chloride and displayed film with high transmittance of visible light and a substantial absorption of UV radiation. Accordingly, cinnamoyl cellulose nanocrystals can be used as reinforcing nanofillers and UV-shielding in hydrophobic and hydrophilic polymer matrices. So, by incorporating cinnamoyl cellulose nanocrystals into poly(vinyl) alcohol and polystyrene films, they displayed excellent UV-shielding and enhanced their Young’s moduli [68]. In another trial, naringin blended with microcrystalline cellulose gave UV-shielding, especially UV-B and transparent bioplastics films behind, antibacterial and antioxidant properties. UV-blocking was ~77%–88% and ~99.8%–100% in the UV-A and UV-B regions, respectively (Fig. 11). These can be explained as related to the naringin aromatic structure that can absorb UV radiation and prevent UV transmission from the outside [69].
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Figure 11: UV radiation blocking as a function of naringin content

Carboxymethyl cellulose/polydopamine-modified palygorskite nanocomposite films were prepared by Huang et al. These films blocked the UV below 300 nm and retained their relatively high transparency in the visible spectrum. Also, the strong interfacial interaction between polydopamine-modified palygorskite and carboxymethyl cellulose enhanced the water resistance and mechanical properties. However, increasing the dopamine during the modification weakened the water resistance and mechanical properties due to the adhering of the individual fibrous crystals and forming a small bundle through the excessive polydopamine [70]. Loading of nanoparticles onto carboxymethyl cellulose enhanced its UV-shielding efficiency, as loading of CuO nanoparticles onto carboxymethyl cellulose films reduced the light transmittance in both the UV and visible light bands; thus, they can be used as UV-shielding. This can be referred to the reduction of the optical bandgap of the host matrix by CuO nanoparticles [71]. Badry et al. reported that adding CuO@ZnO core/shell nanoparticles loaded carboxy methyl cellulose onto sunblock showed a high blocking capacity for UV radiation. Adding 4 wt% CuO@ZnO core/shell to the carboxymethyl cellulose matrix significantly decreased transmittance in both the UV and visible regions, with approximately 100% of UV light being absorbed (Table 2) [72].
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Owing to the excellent optical transparency of cellulose acetate, which is a thermoplastic biodegradable polymer, transparent and UV-shielding composite films based on GO and cellulose acetate were prepared by Moraes et al. Smooth and homogeneous films with well-dispersed GO throughout the cellulose acetate matrix appeared. Films with 0.5 wt% GO displayed 57% and 79% UV-shielding capacity and optical transparency under visible light, respectively, leading to potential applications as transparent UV-protective coatings in different applications [73].

Yu et al. mixed xylan and konjac glucomannan separately or simultaneously with TEMPO-oxidized cellulose nanofibers to form nanocomposite films. It was found that konjac glucomannan enhanced the mechanical properties of films, while Xylan increased the UV-blocking of the film. Therefore, adding mixed Xylan and konjac glucomannan onto cellulose nanofibers improved mechanical and UV-shielding properties. The transmittance of cellulose nanofibers and composite films was 86% at 600 nm and 52% at 325 nm, respectively, confirming the UV-shielding properties of composite film [74].

3.2 Hemicellulose

As packaging materials, hemicellulose and its derivatives have garnered much interest. It underwent carboxymethylation modification before combining with poly(vinyl) alcohol to create a composite film, 30 μm thick, using the solution casting technique. To give the film antibacterial properties, more potassium cinnamonate was added [75]. The composite films’ elongation at break was noticeably better than the poly(vinyl) alcohol film, demonstrating that interactions between polymers increased intermolecular forces. In the visible region, the light transmittance of pure poly(vinyl) alcohol film was about 90% and declined after the addition of carboxymethylation hemicellulose. With the addition of potassium cinnamate the light transmittance in the region of 200–300 nm was nearly zero this; can be referred to as the ability of phenolic compounds to absorb UV. Since UV–vis light could cause food oxidation, this high UV–vis resistance [76,77].

A thermoplastic flexible and UV-shielding hemicellulose films were prepared by esterification of hemicellulose with vinyl benzoate and reinforced with poly(vinyl) alcohol and ZnO-nano. The esterification process increased the solubility of hemicellulose in dimethyl formamide and dimethyl sulfoxide and transformed it to a crystalline nature. The film with 1% ZnO exhibited good flexibility, moderate tensile strength, and excellent UV-shielding with blocking of UV-A and UV-B by 99.34% and 99.99%, respectively. The film network structure, referred to as the driving force of the film component miscibility resulting from the hydrogen bonding interactions in the components, facilitates the uniform insertion of ZnO-nano in the matrix [78].

Xylan, as the major component of hemicellulose, was used for the preparation of hydrogels with superior UV-shielding (~99.96%), excellent mechanical properties such as stretchability >4000% and compressibility, and good adhesion underwater and in air prepared by Chang et al. [38]. These hydrogels were fabricated through radical polymerization of poly(acrylic acid) (-COO), quaternized xylan (-N+(CH3)3), and tannic acid (catechol group), which resembled amino acids with negative and positive charges endowed the underwater adhesion. This adhesion is due to the synergistic interactions of hydrogen bonding, catechol, and electrostatic interaction, which could stick to various substrates. These hydrogels can be used as a wearable sensor to monitor human and even subtle motions. Also, a low-cost, green self-catalyst sulfonated lignin, and Fe3+ system was used to fabricate UV-shielding (99%), transparent (85.37%), elastic, and conductive hydrogel. This hydrogel was prepared by graft polymerization of polyacrylamide on the carboxymethyl xylan at room temperature without removing oxygen in 5 min. Potassium persulfate was used as an initiator, and Fe3+ as a physical cross-linker, which can form coordination bonds with carboxymethyl xylan. The double network structure formed between Fe3+ and carboxymethyl xylan leads to high tensile stress (23 kPa) and charming extension ratio [79] (460%).

Different forms (molecular weight, lignin content, and substitution of loblolly pine hemicellulose-poly(vinyl) alcohol composite films were investigated as UV-shielding by Pan et al. [80]. The results found that hemicelluloses with high substitution, molecular weight, and lignin content enhanced the compatibility with the poly(vinyl) alcohol and improved the film’s mechanical properties. The highly substituted branched hemicellulose increased the film’s density and thermal stability. In addition, the shielding ability increased with highly branched and lignin-content hemicellulose.

3.3 Lignin

The unsaturated functional groups of lignin, such as carbon-carbon double bonds, conjugated carbonyl, and aromatic rings, are the main light absorbers of lignin, making its color brownish to black. Fig. 12 shows different chromophore groups’ UV and visible light absorption with their wavelength absorptions [81]. By chromophore functional groups of lignin, it can absorb UV light in the range of 250–400 nm. Consequently, it is used in modified and non-modified forms to enhance UV-shielding, such as cream, paints, transparent film, and varnishes. Blending lignin with other UV-shielding indicated synergic effects and increased final UV-shielding potential. However, the challenge is the brownish color, its complex structure, impurities, and polydispersity in molecular weight. Accordingly, more research is required to determine an ideal natural UV-shielding [82].
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Figure 12: UV and visible light absorption by different chromophore groups (Reprinted from reference [82] with permission from Polymers, MDPI, Copyright © [2020])

Excellent antimicrobial and mechanical properties with a sun protection factor of up to 45 lignin films were reported. Adding 0.5 to 1.5 wt% lignin in a gelatin matrix increased the sun protection factor from 7 (zero lignin) to 39.0–44.6. These films were prepared using a bio-based ionic liquid, choline citrate, which stabilized homogeneous gelatin–lignin [83]. The preparation of biodegradable composite films from agar and alkali lignin has also been reported. Incorporating lignin increased the UV-shielding, thermostability, and tensile strength properties, while the moisture content and swelling ratio decreased with increasing lignin content [84]. Also, lignin can be stabilized by crosslinking with polyvinyl alcohol so that it will be stable in an aqueous media; alkali lignin with poly(vinyl) alcohol as electro-spun fibers and have excellent UV-shielding and antimicrobial properties were reported [85]. Lignin was blended with a polyvinyl alcohol without dramatically affecting its transparency. Lignin increased the UV-shielding performance and enhanced the films’ mechanical, thermal, and barrier properties [86]. To avoid the agglomeration of lignin in the host matrix, Huang et al. prepared lignin nanospheres. They incorporated them into polyvinyl alcohol via mechanical blending to prepare excellent UV-shielding and visible-transparent films. The well-distributed nanospheres in the matrix are due to the formation of hydrogen bonds between lignin and the host matrix. Also, adding lignin nanospheres enhanced the thermal stability and tensile strength. The UV-B (320–275 nm) and UV-C (275–200 nm) were wholly shielded, while UV-A (400–320 nm) was shielded with 4 wt% lignin [87]. Also, lignin surface modification improves its distribution in the host matrix. For example, Cao et al. functionalized lignin with polyhedral oligomeric silsesquioxanes to improve its dispersion in a polylactide matrix. With 5 wt% lignin-silsesquioxanes, the composite film absorbed all UV-spectrum [11]. Monodisperse lignin nanoparticle (diameter = 204 nm) was synthesized by acoustic irradiation of aqueous alkali lignin and incorporated into poly(vinyl) alcohol, resulting in thin and flexible nanocomposite films. Its 2.5 wt% improved the film’s mechanical properties and sun protection factor up to 26 relative to 0 of neat poly(vinyl) alcohol with visible light transmission above 75% [88].

A composite film of citric acid-modified lignin and poly(vinyl) alcohol was reported with lignin content from 0.5 to 10 wt%. The films had higher than 97.5% UV-shielding with excellent transparency. Also, films with modified lignin outperformed films with unmodified lignin in transparency and antioxidant properties [40]. Acetylated lignin/poly(lactic acid) film was prepared with transparent UV-shielding films (76% visual transmittance and over 40 UV protection factors) with balanced mechanical and optical properties. The acetylation of lignin compatibilizes the requirement of poly(lactic acid) [89]. Lignin grafted poly(lactic acid) was dispersed in poly(lactic acid), enhancing UV absorption and reducing brittleness without a sacrifice in the modulus of elasticity [90]. Lignin has been incorporated into poly(methyl methacrylate) and given a UV-shielding film, while the transparency was decreased by 26%. At 400 nm wavelength, the film with 1% lignin showed 60% UV-shielding capacity (40% transparency) [91]. This can be attributed to converting of phenolic hydroxyl groups into phenoxyl radicals and quinones under UV radiation. These quinones are oxidized into aliphatic acid structures, leading to the bleaching of lignin [92]. Liao et al. reported that dynamic vulcanization is a powerful tool for making lignin-polypropylene blends more compatible. The films presented high UV-shielding performance [93].

Loading of TiO2 nanoparticles onto lignin composite films was reported as TiO2 decorated lignin, which was prepared by hydrothermal method, was added to poly(propylene carbonate). The prepared films show a uniform dispersion of TiO2@lignin in the matrix with good miscibility and a high UV-shielding effect. Film containing 5 wt% TiO2@lignin absorbed about 90% of UV light in the broad UV spectrum (200–400 nm) [94]. Lignin-based epoxy/titanium dioxide multifunctional bio-based films were synthesized from moso bamboo-derived lignin via liquid deposition. It was found that films had UV absorption, antibacterial activates, a stable topological surface structure, homogeneity, and good dispersion [95].

3.4 Cellulose and Lignin

This section will give examples of using cellulosic derivatives with lignin as UV-shielding materials. Rukmanikrishnan et al. prepared a sustainable composite that is flexible and translucent with a slight brown film by mixing gellan gum, 2-hydroxyethyl cellulose, and lignin. The prepared films showed high UV protection, with almost 100% and 90% protection against UV-B (280–320 nm) and UV-A (320–400 nm), respectively. The surface hydrophobicity of the composite films increased with the addition of lignin. Also, they found that incorporating of lignin improved the films’ thermal, mechanical, and hydrophobic properties [96]. Also, UV-shielding, semitransparent, and flexible films were prepared from Azide-modified cellulose with lignin by the Cu(I)-catalyzed 1,3-dipolar cycloaddition reaction. The film with 2% lignin showed around 100% and 90% UV-B (280−320 nm) and UV-A (320−400 nm) protection, respectively, with stability against elevated temperature at 120°C (Fig. 13) [97].
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Figure 13: Synthesis route of cellulose-lignin conjugate. (Abbreviations, Azid Cellulose = MCC_Az and Propargylated lignin = Lignin-Pr) (Reprinted from reference [97] with permission from ACS Sustainable Chemistry & Engineering, American Chemical Society, Copyright © [2017])

Parit et al. incorporated alkaline and softwood kraft lignin onto cellulose nanocrystals (1–10 wt%) to produce homogenous, transparent, and UV-shielding films. From Fig. 14a, it is clear that the UV-shielding effect of softwood kraft lignin was higher than that of alkaline lignin, with 1 wt% lignin content, the film with softwood kraft lignin wholly blocked, whereas with alkaline lignin partially blocked UV-C (200–280 nm) spectrum. Using 10 wt%, both lignins provided films with complete UV-shielding, but the visible light transmittance of the film with alkali lignin was slightly higher than that of the film with softwood kraft lignin. Acetylation of lignin reduced lignin color, improving transmittance without significant effect of UV- shielding (Fig. 14b) [98].
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Figure 14: UV–vis transmission spectra of films with various lignin concentrations (a) and 10 wt% softwood kraft lignin and acetylated lignin (b) (Abbreviations; cellulose nanocrystals = CNC, softwood kraft lignin = SKL, acetylated lignin = Ac-SKL) (Reprinted from reference [98] with permission from ACS Omega, American Chemical Society, Copyright © [2018])

UV-shielding, flexible, and intense film was prepared from wood cellulose skeleton, lignin nanoparticles, and poly(vinyl) alcohol. Incorporating lignin improved the thermal stability, decreased the water absorption by 30%, and blocked over 98% of UV light [99]. At 500 nm, the polyvinyl alcohol and polyvinyl alcohol/ cellulose films exhibited high light transmittance such as 72.6% and 37.5%, respectively. With increasing lignin content, the light transmittance in the visible region (400–800 nm) was decreased due to the lignin color, and with >4 wt%, the light transmittance was lower than 20%. This is consistent with Huang et al., that a film of cellulose nanocrystal with 10% lignin nanoparticles blocked 91.5% and 99.9% of UV-A and UV-B light, respectively [100]. Also, lignin was incorporated into the carboxymethyl cellulose, and lignin was found to enhance the UV-A blocking. With 0.2% (w/v) lignin, a complete UV-A and UV-B blocking were observed, reducing the transparency [101]. The film of cellulose nanofiber with 20% wt% of lignin using epichlorohydrin as a crosslinker blocked > 99% of UV-A and UV-B with a water contact angle of 110.38° [102].

4  Processing Techniques

There are different processing techniques for designing UV-shielding materials as follows: the 1st one is solution casting which is an easy technique for fabricating thin film for UV-shielding applications by dissolving the polymer composite in a volatile solvent. After the evaporation of the solvent, a thin film is obtained [103]. The 2nd is Spin coating, another method for fabricating UV-shielding thin film in the micro- to nanometer range. The film thickness depends on the evaporation rate of the solvent and outward fluid flow [104]. The 3rd is the electrospinning technique for fabricating composite fibers with micro- to nano-diameters for UV-shielding. The polymer solution is prepared by dissolving it in a solvent and electrospunting it at an optimized flow rate, voltage, and spinneret tip-collector distance. Upon the application of an electric field, the solvent evaporates, and electrospun fibers are formed [105]. The 4th is the covalent and noncovalent interactions, as the composite can be tuned by noncovalent or covalent modification of the nanofillers. The self-assembly of lignin nanospheres via π–π interactions resulted in an improved UV-shielding effect [106]. Finally, in melt processing, the solution casting technique improves the filler dispersion in the polymer matrix, but using toxic solvents limits its application. In this case, melt processing is preferred for fabricating UV-shielding materials [107].

5  UV Industrial Film Market

UV-shielding films are frequently used in many industries, including packaging, electronics, construction, and automobiles. Their main uses include UV-shielding, weather resistance, chemical resistance, and durability. The UV industrial film industry’s market analysis indicates an optimistic growth forecast. The market is expanding due to growing consumer demand from end-use sectors, including electronics and automobiles, as well as increasing awareness of the damaging effects of UV radiation on materials and people. Furthermore, the market is anticipated to increase due to the expanding trend of environmentally and energy-friendly materials. There is fierce competition among the major competitors in the UV-shielding industrial film market, who all provide cutting-edge products. In the upcoming years, the market for UV-shielding film will continue to rise due to the growing need for UV-shielding and the expansion of its applications in various industries. The worldwide market for UV-shielding was estimated at USD 1.5 billion in 2022 and is expected to reach approximately USD 2.72 billion by 2032.

There are many factors for growing the market of UV-shielding films, such as:

•   Growing end-use industries: To improve product durability and aesthetics, the construction, automotive, agricultural, and packaging industries drive the market’s expansion. These industries have a growing need for UV-shielding materials.

•   Environmental restrictions: As environmental awareness and UV-shielding increase, research into sustainable formulas and eco-friendly alternatives is sparked, opening up new avenues for innovation.

•   UV-shielding packaging: The requirement to preserve product quality during storage and transit has accelerated the trend toward UV-shielding packaging materials, particularly in the food and beverage industry.

•   Nano-additives: Better UV-shielding is provided by the use of nanotechnology in the development of very effective UV-shielding, which also increases their efficacy and adaptability.

•   Renewable energy: The market for UV-shielding has benefited from the growing demand for renewable energy sources, such as solar panels, which drives the requirement for UV-shielding materials to resist extended exposure to sunshine.

•   Eco-friendly solutions: Products that adhere to strict environmental laws, bio-based substitutes, and sustainable UV-shielding are becoming increasingly prevalent in the sector.

•   Emerging markets: The demand for UV-shielding is driven by the quick industrialization of these nations and the growing appeal of outdoor gear.

•   Innovation: Businesses that innovate and create cutting-edge UV-shielding with better performance and less environmental impact have a lot of opportunities.

•   Global expansion: Due to the expansion of numerous end-use sectors, UV-shielding is becoming more widely available globally, creating opportunities for joint ventures and market growth.

•   Eco-friendly products: Companies can reach ecologically sensitive market groups by concentrating on sustainable and eco-friendly UV-shielding formulas.

•   Technological developments: By providing better solutions for various applications, ongoing developments in UV-shielding technology, such as increased efficiency and performance, propel market expansion.

6  Conclusion, Limitations and Future Perspectives

•   Humans benefit from sunlight in many ways, including increased vitamin D production and expression of β-endorphins, enhancing well-being. On the other hand, photoaging, solar sunburn, hyperpigmentation, skin photosensitization, and skin cancer are all caused by overexposure to sunlight. Sunscreens contain ultraviolet filters to shield the skin from the damaging effects of ultraviolet light. With the drawbacks mentioned above in mind, scientists have directed their efforts toward developing novel UV filters. Creating polymeric materials that can be used in harsh UV radiation conditions requires careful consideration of selected materials.

•   Wood is the ideal material to take into consideration for the circular economy because it is a naturally occurring resource that is readily available in massive amounts and is simple to create. Its significance has grown significantly in the last several years. Alongside this rise, new research is being developed, creating new opportunities in wood by-products. This review discussed using wood by-products for UV-shielding agents to protect humans from UV rays. Various topics include the wood structure and its constituents and the UV-shielding effect of various. However, the valorization of wood by-products is still a big challenge, and commercialization will only be accessible if price competitiveness is overcome. But as society increasingly realizes that the environment must come before material values, it is currently working toward the goals of sustainable development and carbon neutrality. While price competition with current UV-shielding agents presents considerable challenges, the recent shift in consumer awareness points to a promising outcome. Even with their higher price tags, more and more customers are choosing eco-friendly and human-friendly items as their quality of life increases. Furthermore, a social climate that considers the product’s inherent value in addition to social and environmental considerations would make it very evident how we should proceed.

•   Lignin can be used as a natural ingredient UV-shielding in modified and non-modified forms. It enhances the UV-shielding of commercial products with less than a 10% blend with other materials. In mixed with synthetic UV blockers, it increases the final UV-shielding potential and indicates synergic effects. Due to the complex structure, brownish color, polydispersity in molecular weight, and lignin impurities, more research is required to make it an ideal bio-based UV-shielding.

•   Inorganic nanomaterials have excellent UV-shielding properties. However, their disadvantages are their agglomeration of unmodified polymer matrix, poor visible light transparency of composites containing GO, their photocatalytic effect, and potential photocarcinogenic effects.
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Table 1: Building blocks in grasses, softwood, and hardwood

Lignin sources p-coumaryl alcohol Coniferyl alcohol Sinapyl alcohol
Grasses 10%—-25% 25%—-50% 25%—50%
Softwood 0.5%-3.5% 90%—-95% 0%—1%

Hardwood Trace 25%—-50% 50%—75%
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Table 2: UV blocking % of CMC/CuO@ZnO sunblock cream (carboxymethyl cellulose = CMC) (Reprinted

from reference [72] with permission from Scientific Reports, Springer Nature, Copyright © [2023])

Sunblock loaded with UV blocking %

CMC/4 wt% core/shell uve UVB UVA
0 67-83 6772 38-72
2 84-96 84 78—84
4 9498 94 94

6 98-99 98 98-99
8 99 99 99

10 99 99 99
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