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Abstract: Bark extracts are sustainable sources of biopolymers and hold great promise for replacing fossil fuel-based polymers, for example, in wood-based composites. In addition to primary and secondary metabolites, tree bark also contains suberin, which plays a major role in protecting the tree from environmental conditions. Suberin is a natural aliphatic-aromatic cross-linked polyester present in the cell walls of both normal and damaged external tissues, the main component of which are long-chain aliphatic acids. Its main role as a plant ingredient is to protect against microbiological factors and water loss. One of the most important suberin monomers are suberin fatty acids, known for their hydrophobic and barrier properties. Therefore, due to the diverse chemical composition of suberin, it is an attractive alternative to hydrocarbon-based materials. Although its potential is recognized, it is not widely used in biocomposites technology, including wood-based composites and the polymer industry. The article will discuss the current knowledge about the potential of suberin and its components in biocomposites technology, which will include surface finishes, composite adhesives and polymer blends.
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1  Introduction

Suberin is a structural lipophilic polyester and it consists of fatty acids, glycerin and aromatic compounds [1,2]. It can be found in the cell walls of various plant tissues, including phellem, endoderm, exoderm, wound tissues, abscission zones or bundle sheath. Its deposition serves as a hydrophobic layer located between the primary cell wall, which is composed of lignocellulosic material and the plasma membrane [3]. Suberin plays a key role in providing high levels of protection against biotic and abiotic stresses. Additionally, it shows high developmental flexibility, and its chemical resistance may contribute to the sequestration of atmospheric carbon by plants [4,5].

Depolymerization of in situ suberin and its simultaneous isolation from the plant composite is traditionally a laborious process requiring chemical processes [3]. These processes involve extensive ester bond cleavage, normally attained through alkaline methanolysis with sodium methoxide [6,7] or alkaline hydrolysis. The last few decades have seen an exponential increase in interest in ionic liquids–a different class of chemical substances consisting of ions that are liquid at temperatures below conventionally defined as 100°C. Fig. 1 shows the extraction and processing of cork or birch outer bark suberin. In a simplified suberin extraction procedure, the ionic liquid is combined with powdered cork in specific proportions and mixed for a specific time at an elevated temperature. After extraction, dimethyl sulfoxide (DMSO) can be added to reduce the viscosity of the mixture, aiding the filtration process through a special membrane. The insoluble residue is thoroughly washed and dried until constant weight is obtained. The resulting filtrate, consisting of the ionic liquid, extracted material, DMSO and rinsing water, is subjected to a cooling process leading to the precipitation of suberin. This material is recovered by centrifugation, washed repeatedly to remove any remaining ionic liquid, and dried to constant weight [8]. To further extract the suberin to obtain valuable suberinic acids [9–14], also known as suberinic fatty acids (SA), the resulting alkaline suspension is treated with HNO3. After acidification, the obtained SA are suspended in water, and then filtered again to reduce water content [15]. By esterification of dried SA, among other products, polyols can be obtained [16,17].
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Figure 1: Depolymerization of cork or birch outer bark suberin (own elaboration)

The most important factors affecting the amount of suberin monomers are the isolation method and the tree species [3,18–21]. Suberin content in tree bark depends on proportion of cork tissue in the periderm, as suberin is found in phellem cells and its content is particularly high in hardwood barks, particularly in Quercus suber (37.0%–60.0%) [22–24] and Betula pendula (32.2%–58.6%) [24–26]. However, poplar (3.0%) and willow (1.8%) contain less suberin [27]. In Table 1, selected species and the percentage of suberin in their bark have been presented.
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This paper aims to investigate the current state of knowledge about suberin utilization in biocomposites industry, with regard on the valuable properties of this component.

2  Suberin Resources Potential and Utilization in Biocomposites Applications

The percentage share of suberin in the bark of trees varies depending on the species, but it is worth examining the significance and prevalence of this component, commonly utilized from the bark as forest waste. Betula can be used here as an example of a specific species. In the vast landscapes of the Northern Hemisphere, silver birch (Betula pendula Roth.) and downy birch (Betula pubescens Ehrh.) are the main birch species, and their importance goes beyond the sphere of simple arboreal presence [30]. Widely recognized as a key player in the production of pulp [31] and plywood, these birches play a key role in shaping the industrial landscape. Interestingly, birch bark, constituting approximately 12.5% of the tree’s mass, appears as a valuable by-product, with the outer bark of birch logs accounting for 2.0%–3.4% (by weight) of their total composition [10].

Birch’s influence extends further, as the Birch Kraft pulp mill, with an annual production of 400,000 tons, and a plywood mill with an annual production of 252.000 m3, contribute significantly to the by-product stream. Specifically, these facilities produce approximately 28,000 and 16,000 tons of outer bark, respectively. It is worth noting that the calorific value of this outer bark exceeds 30 MJ/kg, making it a strong energy source. In addition to other residual materials such as veneer chips, wood chips, and sawdust, outer bark is used in power plants of pulp and plywood factories [31], where it is burned efficiently.

While the research has extensively focused on suberin and its applications, particularly sourced from Quercus suber [1], main interests focus on the role of suberin, suberinic acids-not only as by-products, but also as transforming factors, therefore this article provides insight into the potential of this valuable component of outer bark.

2.1 Suberin Derivates Utilization in Polymer Industry

In recent years, composites consisting of polymers and cellulosic materials have garnered research interest. This heightened focus is driven by the recognition of the unique properties and sustainable characteristics offered by the combination of polymers with ligno-cellulosic elements, derived from renewable sources such as forestry and agricultural residues [32]. In polymer industries, suberin monomers are used as macromolecular materials either as additives or inactive starting monomeric form. Some reports show that novel synthetic macromolecules or polymers could be prepared using suberin monomers [33,34]. Suberin monomers have –COOH and –OH functional groups at their terminal side that make them reactive during polymerization reactions while their dual thermoplastic and thermoset characteristics result from the variable −OH groups in suberin macromonomers [35,36]. The aliphatic fragments of suberin arising from cleavage of its ester group proved to be suited to polymerization by classical polycondensation processes to give polyesters which properties were alike those of model counterparts [33].

Composite structures incorporating low-density polyethylene (LDPE), cork powder, and suberin as coupling agents were developed to bust adhesion between cork and the polymeric phase. Utilizing reactive extrusion and compression molding for compounding, morphological analysis revealed robust adhesion. Mechanical testing revealed that suberin significantly heightened strength, yielding composites with improved strain properties by increased flexibility and enhanced dispersion of the cork phase within the matrix [37]. Enhancement of mechanical properties has also been reported by de Oliveira et al. [38] after incorporating ligno-cellulosic residues obtained from natural cork into suberin-based polyester to fabricate all cork-based composite materials. Almost 900% and 185% increase in Young’s modulus and tensile strength, respectively, were obtained from the baseline of pristine suberin-based polyesters by adding 40 wt% of ligno-cellulosic residue particles. Oh et al. [39] conducted a study where the extracted suberin has been added to the thermoplastic polyurethane (TPU) matrix as an eco-friendly filler for improving vibration damping property. As a result, when 10 wt% of suberin was added into thermoplastic polyurethane the existing trade-off relationship was overcome. And it is attained the elastic modulus and damping factor at room temperature improving 92% and 59%, respectively, compared to the original matrix, resulting from the interaction between the microstructure of TPU and suberin. SA were used by Cho et al. [40] for the synthesis of an ecofriendly biopolyester syntactic foam along with expandable microspheres (EMs). The specific compressive modulus of this syntactic foam was raised up to 66% when EMs were filled from 20% to 30 wt%. It has been also proven by Sousa et al. [33] that aliphatic suberin components, derived from ester group cleavage, are conducive to polymerization through traditional processes, yielding polyesters with properties similar to models. The experiments conducted by Menager et al. [41] highlight that cross-linked epoxidized linseed oil/suberin films have a wide relaxation temperature range and a tunable glass transition temperature (Tg) between 57°C and 66°C depending of the suberin ratio in the reaction medium.

Moreover, also acids derived from suberin have been investigated regarding their utilization in polymer engineering. Therefore, SA were regarded as lubricants in a recycled polypropylene/polylactic acid (rPP/PLA) composite filled with alkali-treated milled birch shaving microparticles. The addition of SA as a lubricant enhanced composite processing by reducing rotor torque and injection pressure, since the chemical composition of SA, featuring covalently bound aromatic structures, allows them to act as coupling agents at optimal levels, improving mechanical properties and lowering wettability in the composite [15]. SA can be also utilized when creating fibrous materials with excellent water repellent properties. The larger amounts of SA resulted in globular structures on the fiber surfaces further enhancing the hydrophobicity. The SA curing agent treatment improved tensile strength, an important property for packaging materials [42]. In Table 2, suberin utilization in the polymer industry on some examples has been presented.
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2.2 Surface Finishing Coatings Containing Suberin Derivates

Suberin performs a key physiological function by providing a water-impermeable diffusion barrier in the dermal tissues of most underground plant organs and the periderm of above-ground tissues, by creating a hydrophobic, protective and antibacterial barrier [45]. Based on that knowledge, it has been attempted to increase the hydrophobicity as well as barrier properties of materials via addition of suberin derivates.

Suberin-derived SA monomers enable to enhance the moisture barrier properties of finishing coatings. In Table 3, the examples of suberin derivates’ moisture barrier properties have been presented with the comparison to the untreated surfaces. In a recent study by Kumar et al. [46], the applicability of SA hydrolysate extracted from the outer bark of silver birch (Betula pendula Roth.) was explored for coating aspen wood (Populus tremula L.). A noteworthy improvement in the hydrophobicity of the wood surface across all coating combinations involving SA has been reported. The authors posit that the extraction process of SA from birch bark could potentially influence the quality of bio-based polyesters. Additionally, Heinämäki et al. [34] demonstrated that even at low concentrations, the incorporation of SA significantly enhances the water vapor barrier properties of hydroxypropyl methylcellulose (HPMC) films. The incorporation of SA in aqueous HPMC films provides an avenue for modifying film properties and performance, since it enhances water vapor barrier properties and influences mechanical parameters. Further insights into the adsorption of suberin and SA on cellulose were explored by Handiso et al. [47], who treated filter paper with solutions of suberin and SA. This study implies that suberin and SA possess the potential for modifying the surface of cellulose, suggesting their utility in enhancing the interfacial properties of cellulose fiber-reinforced composites. The collective findings underscore the multifaceted applications of suberin and SA, pointing towards their role in advancing the performance and properties of various materials. Furthermore, Garcia et al. [44] reported the ex situ reconstitution of the biopolyester suberin as a waterproof and antimicrobial material (Fig. 2). Without any chemical additives or purification, the suberin composing macromolecules underwent self-association on the casting surface forming a film. Suberin films obtained showed barrier properties similar to those of the suberin barrier in plants, including a potentially broad bactericidal effect.
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Figure 2: A simplified scheme of preparing of the suberin-film (own elaboration). Adapted with permission from [44]. Copyright © 2014, American Chemical Society

Another potential of introducing suberin to the surface of the material is fire resistance. Although considerable progress has been made in developing applications for suberin through trial and error, there is scope for theoretical development. The following hypothesis has been proposed: chemical intermediates released during the decomposition of suberin have favorable reactive and viscoelastic properties that may lead to the formation of a hard, adherent char layer. In principle, the chemical nature of the byproducts of heated suberin can be assessed, which will enable the discovery of important chemical mechanisms of char formation [48].

There is also known an attempt to incorporate residues from suberic acids extraction (SAR–suberinic acids residues) as an additive in biopolymeric finishing films. Coatings in the form of a film by combining a biopolymer with SAR were made. The addition of carbon-rich SAR significantly improves gas barrier properties of the PLA- and polycaprolactone-PCL-based surface finishing materials. The relative hardness and scratch resistance also increased with rising SAR content [43].

2.3 Adhesives with Incorporation of Suberin Derivates

Suberin, known for its molecular structure and interactions at the molecular level, performs promising adhesion properties. This has inspired a series of studies examining how materials incorporating suberin exhibit adhesion. In a particular study, biocomposites crafted from grey alder (Alnus incana) sawdust employed a blend of SA derived from birch outer bark as a binder [49]. Preliminary observations showed a subtle increase in board density and bending strength when the pressing temperature was raised from 160°C to 200°C at a pressure of 3.5 MPa. A closer examination of the chemical structure, as identified by Lang et al. [50], explains a composition with a high betulin content partially esterified with suberinic compounds. The esterification of betulin plays a crucial role in diminishing intermolecular attractive forces, thereby enhancing wettability. Simultaneously, the remaining hydroxyl groups of betulin and SA contribute to heightened adhesion.

In assessing four different SA-based adhesives obtained in distinct solvents (methanol, ethanol, isopropanol, 1-butanol), a study compared their chemical and thermal properties, as well as their performance in particleboard bonding [11]. The study determined that ethanol, with its highest epoxy content, proved to be the most suitable depolymerization medium for obtaining adhesives. Compared to untreated particleboards, those with 5 wt% SA exhibited the most significant improvement in MOE and MOR [12]. However, it is worth noting that the acidic nature of SA-based adhesives can catalyze the formation of furfural (FUR) from xylenes in wood particles, which, as a volatile organic compound, can have harmful effects on humans. Addressing this concern, the use of an SA-based adhesive with a pH of 6 at a hot-pressing temperature of 230°C, without glycerol added, enabled the production of particleboards meeting the requirements of EN 312 [51] P2 for interior fitments. These boards exhibited a FUR yield more than six times lower than those pressed at 230°C with a wet adhesive pH value of 3 [13]. Further advancements in wood-composites binders have been presented by Janis et al. [52], aiming to establish an energy and resource-efficient method for obtaining a binder from birch outer bark. The objective was to create more efficient binders as adhesives in plywood and wood particleboards, aligning with the requirements set by EN 314 [53] for plywood designed for exterior use.

Another approach regarded incorporation of SA along with betulin-based extractives into conventional phenol-formaldehyde resin. The goal was to select the optimal share of such fillers in the resin. As a result of the study, 30 wt% of the industrial resin has been found to be successfully replaceable with bark components, resulting in blends with no loss in bending strength and moisture resistance properties of produced plywood [54]. The SA-bonded particleboards exhibited up to five times lower total Volatile Organic Compounds (VOC) emissions than the binderless boards with a similar density and thickness and was comparable with the commercially produced particleboard [55].

Since SA itself constitutes a good binder for wood-based composites, as shown above, Jeżo et al. [56] decided to investigate whether the same satisfactory properties would be obtained when using post-extraction residues. The authors showed that when using SAR at 10% and 20% resination level, the requirements of the EN 312:2010 standard were met only in the case of the MOE of boards made of the coarse fraction of wood particles. Research was also carried out on SAR, adapting this material as a bifunctional component of binding mixtures in the production of plywood [57]. The results showed that the curing time of a binder mixture based on commercial urea-formaldehyde (UF) resin could be reduced to approximately 38% and 10% for hot and cold curing, respectively, compared to the initial curing time at the lowest SAR content. A positive effect of the resin impregnation limiter on SAR acting as a filler was found. Moreover, in the case of hot-pressed boards, a higher density of connection lines containing SAR was achieved. A comparison of the mechanical characteristics of SA-based adhesives with conventional solutions and other exemplary ecological adhesives is presented in Table 4.

[image: images]

2.4 Suberinic Acids in Insulation Biomaterials

The process of obtaining polyols from SA has been presented on Fig. 1. Attempts have been made to add SA to polyols in order to improve the properties of the obtained polyurethanes. The addition of SA resulted in a number of benefits, including: improved flexibility, increased mechanical strength, better thermal stability, and increased resistance to chemicals and hydrolysis [17,35,36]. It has been proven that SA also react well with other polyols, so they can be combined to obtain the desired properties of polyurethanes. SA work well as polyols in the synthesis of polyurethanes due to the presence of −OH groups and other chemical properties, thanks to which the obtained PU foams have a higher crosslink density of the polymer matrix. Importantly, after isolating SA, it is necessary to purify them before using them as bio-polyol, because SA themselves have unfavorable features for further synthesis [9,14], such as: high viscosity, high acidity, very thick and sticky form, which makes further application difficult. Attempts were made to bypass the thermal drying step, which causes partial copolymerization of SA and high weight and viscosity. The idea to solve this problem by eliminating the need for heat treatment was lyophilization [14], but unfortunately, this method was not very successful.

Materials with insulating properties employing SA in rigid PUR foams were investigated by [16], through the addition of SA to conventional polyols. It has been shown that the addition of SA up to 20 wt% allows to obtain a material with competitive thermal insulation properties (~0.019 W/(m * K)) and satisfactory strength parameters. The authors claim the need for further studies on overcoming the difficulties resulting from high viscosity of SA [17].

In Table 5, there has been illustrated a comparison of different lignin-based polyols in polyurethane foams and their thermal conductivity. Based on the information in the table it can be concluded that SA-based polyols resulted in the lowest thermal conductivity of PUR foams, indicating the best thermal insulation properties. As the reference, Elastospray 1622/6 as a commercial system based on petroleum polyol, has been chosen.
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2.5 Wood Modification via Suberin Derivates Utilization

Suberin shows promising applications in wood modification, where suberin monomers (SM) occupy the cell lumen in a complex manner. This not only blocks the wooden vessels, but also reduces the interaction between the wood and water. In addition, SM penetrates the wood cell wall, increasing its volume and mitigating swelling. After heat treatment, the distribution of SM becomes more uniform, which is accompanied by partial degradation of hemicelluloses. The resulting modified wood is characterized by increased dimensional stability. Under experimental conditions, SM-impregnated poplar (Populus cathayana) wood samples were heat treated at 180°C for two hours, which led to a noticeable improvement in dimensional stability. The synergistic effect of SM use for modification and heat treatment further enhanced this improvement [71]. The heat treatment process of wood by SM has been illustrated on Fig. 3.
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Figure 3: Process of the wood surface modification with SM (own elaboration). Adapted with permission from [71]. Creative Commons Attribution-NonCommercial 4.0 International

2.6 Valorization of Antibacterial Properties of Suberin for Biocomposites

Suberin plays a crucial role in protecting the plant from biotical attacks, what explains why it exhibits good antimicrobial and antifungal properties [72], among others against Euglena gracilis [73], Pectobacterium carotovorum [74], Escherichia coli [44], Staphylococcus aureus [44,75], Pseudomonas aeruginosa [76], or Candida albicans [76].

This knowledge has been successfully applied to the development of suberin biopolyester as a waterproof and antibacterial material. Without any chemical additives or purification, the macromolecules forming suberin self-associated on the casting surface, forming a film. The authors claim that the obtained suberin films exhibited barrier properties similar to the suberin barrier of plants, including a potentially broad bactericidal effect [44]. The making process of the film has been presented in the Fig. 3.

The author did not find more studies examining the antifungal and antibacterial effects of suberin and its products in biocomposite technology. However, Fernandes et al. tested the antibacterial effect of the LDPE/cork composite, where, as the authors mentioned, suberin constitutes on average as much as 43% of the cork composition [77]. The author of this review believes that in the future, it would be worth developing research and knowledge on how suberin and its depolymerization products perform antibacterial/antifungal properties.

3  Conclusions

The article presents the current state of knowledge on the potential use of suberin and its derivatives, including SA, as well as by-products resulting from the extraction of suberinic acids, in the biocomposites industry. In the light of the research carried out on suberin derivates, it can be seen that it is promising in polymer technology, acting as a coupling agent in polymer composites, contributing to the production of polyesters, acting as an additive in polymer composites and as a lubricant in polymer blends. In the field of finishing coating technology, suberin derivates provide, among others, increased resistance to hydrolysis and has the potential to improve fire resistance. Numerous studies have examined the adhesive properties of SA, emphasizing their potential use as a binder in wood-based composite technology. Attempts have also been made to modify wood with suberin derivates. Despite the significant potential illustrated by the examples, suberin remains an underestimated raw material in biocomposite technology. The author is convinced that systematizing the current knowledge about the use of suberin products in bio-based composites technology will allow for inspiration for further research and improvements in this area. Increasing researchers’ awareness of the potential in suberin is a practical goal of this review.
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Table 1: Suberin content in bark of selected tree species (own elaboration)

Species Suberin share in bark mass (%) References
Fagus sylvatica 48.3 [3]
Quercus robur 39.7

Populus tremula 37.9

Acer pseudoplatanus 26.6

Acer griseum 26.1

Quercus ilex 24.9

Betula pendula 32.2-58.6 [24-26]
Quercus suber 37.0-60.0 [22-24]
Populus x canadensis 3.03 [27]
Salix sp. 1.82

Pinus pinaster 1.5 [28]

Pinus pinea 2.5 [29]
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Table 3: Contact angle (CA), water vapor permeability (WVP) of suberin derivates-based finishing systems,
compared to other solutions (own elaboration)

Surface finishing coating CA () WVP (10°° g/(mmz*h) References
mm/Pa)
ls 60 s
Octadecyltrichlorosilane-coated wood 140 139 - [46]
SA-coated wood 126-142 124-142 —
Cellulose ether film - - 2 [34]
Cellulose ether film reinforced with — - 0.69-2.13
SA
Untreated filter paper 0 0 - [47]
Filter paper treated by suberin 45 51 -

Filter paper treated by SA 14 71 —
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Table 4: Examples of suberin-derivates applicated in wood-composites binders and their mechanical
characteristics in comparison to different eco-friendly solutions (own elaboration)

Adhesive MOR MOE Shear References

(N/mm?) (N/mm?)  strength

(N/mm?)

Particleboard applications
Conventional UF resin 14.81 2392 - [58]
SA-based adhesive with pH 3 17.1 — — [50]
SA-based adhesive with pH 6 14.5 2074-2248 — [13]
Lignin based adhesives for particleboards 15 3320 - [59]
Plywood applications
Conventional PF resin for plywood - - 0.3-2.3 [60]
SA-based adhesive for plywood 177-189 — 1.7-1.8 [52]
Combination of natural rubber latex with - - 0.69—0.98 [61]

commercial adhesive for plywood application
Citric acid-based adhesives for plywood 34.78-58.60 2168-3703 — [62]
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Table 2: Suberin utilization in the polymer mndustry (own elaboration)

Coupling agent

Biopolyester base

Lubricant

Filler/addition

LDPE with cork
incorporated and suberin
serving as coupling agent
[37]

Suberin-based
polyester with
lignocellulosic
residues [38]

SA as biopolyester
syntetic foam [40]

Self-associating
suberin-based
biopolyester film [44]

SA as lubricants in a
recycled rPP/PLA
composite [15]

Extracted suberin in TPU
matrix [39]

Suberinic acids residues
(SAR) as fillers in PLA
and PCL matrix [43]

SA-impregnated fibers [42]

Cross-linked epoxidized
linseed oli/suberin films
[41]

SA added to
hydroxypropyl
methylcellulose (HPMC)
films [34]
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Table 5: Comparison of thermal conductivity of foams manufactured with different bio-based polyols (own
elaboration)

Polyol base in polyurethane foam Thermal conductivity (W/m * K) References
Elastospray (commercial reference) ~0.020 [63]
SA EXITRE
Lignin with ethylene carbonate 0.025 [64]
Lignin/propylene oxide/catalyst (20/80/5) 0.026-0.031 [65]
Liquefied wood (Picea spp.) polyester 0.029 [66]
Liquefied biomass (corn) 0.032-0.039 [67]
Oxypropylated lignin 0.037 [68]
Oxypropylated cork 0.038 [69]
Liquefied wood with polymethylene 0.037-0.045 [70]

polyphenylisocyanate
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