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Tree barks are among the less studied forest products notwithstanding their relevant physiological and protective role in tree functioning. The large diversity in structure and chemical composition of barks makes them a particularly interesting potential source of chemicals and bioproducts, at present valued in the context of biorefineries. One of the valuable components of barks is cork (phellem in anatomy) due to a rather unique set of properties and composition. Cork from the cork oak (Quercus suber) has been extensively studied, mostly because of its economic importance and worldwide utilization of cork products. However, several other species have barks with substantial cork amounts that may constitute additional resources for cork-based bioproducts. This paper makes a review of the tree species that have barks with significant proportion of cork and on the available information regarding the structural and chemical characterization of their bark. A general integrative appraisal of the formation and types of barks and of cork development is also given. The knowledge gaps and the potential interesting research lines are identified and discussed, as well as the utilization perspectives.
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INTRODUCTION

Trees are externally covered on their stems and branches by the bark that represents 9 to 15% of the stem volume (Harkin and Rowe, 1971). The bark is composed of several types of tissues and cells with different functions: translocation and storage of organic materials, water storage, wound healing, protection from herbivores, pathogens, and environmental factors (e.g., irradiation, desiccation, wind, flooding, hail, snow, fire), and photosynthesis in shoots (Lev-Yadun, 2011). Barks are very variable in thickness, color, and texture depending on species, age, and growing conditions, among other factors. The bark often gives a species its characteristic appearance and may be used for taxonomic purposes.

The radial growth of woody plants results from the activity of two meristems: the vascular cambium, which gives rise to the xylem (wood) and to the secondary phloem, and the cork cambium or phellogen that produces the phelloderm and phellem (cork), which together constitute the system named periderm. Bark can be defined as all the tissues formed to the outside of the vascular cambium, therefore including the phloem and the periderm (Trockenbrodt, 1990; Junikka, 1994; Richter et al., 1996; Evert, 2006). A schematic diagram of a tree stem cross section is given in Figure 1A.
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FIGURE 1 | Schematic drawing of a cross section of a tree stem showing (A) the xylem (wood), the phloem (functional and non-functional), and the periderm and (B) the xylem (wood), the phloem (functional and non-functional), the periderm, and the rhytidome with successive periderms and phloem layers between them [adapted from Şen et al. (2015)].



Barks have been used since ancient times for several purposes: medicine, construction, chemistry, clothing, and energy. More recently, they are viewed as a potential raw material for biorefineries, given their complex structure and rich chemistry, as well as large availability (Şen et al., 2015). In fact, roundwood world production was about 3.591 million m3 in 2013 (FAO, 2015), generating over 300 million m3 of bark that are largely concentrated at processing sites and industrial mills. Nevertheless, the timber economy usually treats barks as a residue, and their main use is as fuel. Consequently, the effort undertaken to study bark development, structure, and chemistry is quite limited, e.g., only a small portion of the one given to wood (Lev-Yadun, 2011).

One exception is the bark produced by the cork oak (Quercus suber L.), and this is because of cork, a material that has attracted the curiosity of mankind for many centuries and is now the basis of an economic relevant industry. Cork is a cellular material with an outstanding set of properties, namely, low density, very little permeability to liquids and gases, chemical and biological inertia, mechanical elasticity, high friction, good insulation, and high damping capacity (Pereira, 2007). These characteristics largely justify the interest of cork as a raw material for multiple usages (Pereira, 2015). Cork is used for many products, from sealants to agglomerates and composites, suitable for diverse purposes, such as bottle stoppers for the wine industry, insulation, and surfacing panels for construction and aeronautics, pollutants absorbers, clothing, and decorative articles (Fortes et al., 2004; Pereira, 2007; Gil, 2009, 2015; Duarte and Bordado, 2015).

The cork oak produces a periderm with special characteristics of development, regularity, growth intensity, and longevity, as well as with regeneration capacity after removal, which has made this species very unique. Cork oaks have a distribution restricted to the western Mediterranean basin, with the largest areas located in Portugal and Spain, and an annual total production of cork is limited to about 200,000 tons (APCOR, 2015).

This restricted cork availability, both geographically and in quantity, conditions the development of the cork industrial sector. Therefore, the study of other species with barks containing a high cork proportion is a promising research line. Several authors report species, whose bark has high cork content, and a few have been used to replace cork from the cork oak but usually for niche markets or in times or regions with restricted access to Q. suber cork. However, the number of species that may have potential to be a source of cork and, therefore, enlarge the cork supply to the industry is not very high, and little information regarding them is available.

The present review presents a general overview of barks and of cork in particular and gathers the information available for some of the species with barks containing a substantial amount of cork, concerning the development and structural and chemical characteristics of the cork component, as well as their potential usage for cork-based bioproducts.

BARK STRUCTURE AND FORMATION

Bark is a heterogeneous cellular material, resulting from the activity of the two radial meristems: the vascular cambium and the phellogen (Evert, 2006).

The vascular cambium encircles the stem of plants and produces xylem cells inwards and phloem cells to the outside (Figure 1). Phloem is the main food-conducting tissue and includes a functional layer near the cambium and a non-functional layer to the outside. Functional and non-functional phloem are also called, respectively, non-collapsed and collapsed phloem. The phellogen originates phellem (cork) cells to the outside and phelloderm cells to the interior. Together, phellem, phellogen, and phelloderm form the periderm, as represented in Figure 1. In most species, the phellogen has a limited lifespan, and after its death a new one is formed inside the phloem. The successive periderms, which are separated by layers of phloem are called rhytidome.

Therefore, bark consists of phloem, periderm, and rhytidome, and its macroscopic appearance and properties will depend on the structure of these tissues, their extent, and relative proportion (Huang et al., 2006).

Periderm Development

The periderm is a protective tissue formed in most dicotyledons and gymnosperms to replace the epidermis when this tissue no longer is able to accommodate radial growth and cracks. Also, in the case of an injury, a traumatic periderm may form to protect from exposure and infection.

The phellogen initials result from the dedifferentiation (i.e., return to a meristematic function) of mature parenchyma cells. The first phellogen can arise in different locations: in most situations it is formed below the epidermis, but in some cases it appears in the epidermis or in the phloem (Evert, 2006; Pereira, 2007). The phellogen mother-cells start their meristematic activity by periclinal division: the inner cell differentiates as phelloderm; the outer cell undergoes another periclinal division and originates to the exterior a phellem cell (cork) and inwards the phellogen initial that continues this meristematic activity. Sometimes, cork cells occur immediately by the first division, and no phelloderm cell is formed (Fahn, 1990; Pereira, 2007). In general, plants produce more phellem cells than phelloderm; in many cases, there is only one layer of phelloderm and several layers of phellem, although in a few species the phelloderm may be up to six layers thick (Fahn, 1990; Beck, 2010).

The first phellogen can be initiated uniformly around the stem or in localized areas and acquires continuity as the result of lateral spread due to meristematic activity (Evert, 2006). Timing and location of phellogen initiation is influenced by several factors, namely, genetics, physiology, and environment (Lev-Yadun, 2011). The phellogen has only one kind of cells that appear in transverse sections as a tangentially disposed layer of rectangular cells; in radial section, they appear flattened and in tangential view they show a polygonal structure, sometimes rather irregular (Evert, 2006; Pereira, 2007). There are no intercellular spaces between the phellogen cells, except where lenticels arise.

The phellogen activity, like that of the vascular cambium, is seasonal with periods of dormancy and of activity depending on environmental conditions, namely, light, water, and temperature (Fahn, 1990; Evert, 2006). The number of cork layers is very variable between species and with plant age and may be very large, as in the cork oak. In fact, the longevity and activity of the phellogen are decisive factors to determine the thickness and homogeneity of the cork tissue. There is also a large variability between species about the duration of the first phellogen, and in some species like the cork oak and others, the first phellogen is active throughout the entire life of the plant (Fahn, 1990; Pereira, 2007).

When one periderm ceases its functional activity and dies, it is substituted by a new functioning periderm, each time forming deeper inside the living tissues. Therefore, the first formed periderm is the outermost in the rhytidome, while the newest one (and active) is the innermost (Fahn, 1990). These successive periderms may completely encircle the stem with a cylindrical shape, or not, e.g., with lens-shaped or shell-like portions, partially overlapping each other (Beck, 2010). Trees from temperate zones usually produce more sequential periderms than tropical ones.

As phellem and phelloderm cells result from periclinal divisions of the phellogen, i.e., parallel to the tangential direction, they are disposed in well-defined radial rows. To allow for diameter increment, the phellogen cells also perform occasional anticlinal divisions, thereby increasing the number of radial rows (Pereira, 2007; Beck, 2010).

The phelloderm cells are living cells with non-suberized walls that resemble parenchyma cells but identified by their arrangement in radial rows under the phellogen initials. The phellem cells are dead cells, characterized by a cell wall containing suberin that is internally deposited onto the primary cell wall. Subsequently the phellem cells lose their protoplasm, and the cell lumen becomes empty (Pereira, 2007).

Rhytidome

In most woody species in temperate climates, the initial periderm is only functional for a few years and is replaced, in the interior, by a new functional periderm. Consequently, bark accumulates to the outside of the functioning periderm layers of dead non-functional periderms and phloem tissues between them, forming the so-called rhytidome (Evert, 2006). The term outerbark is also commonly used to designate these non-living layers, and innerbark the living tissues between cambium and the active phellogen (Pereira, 2007). Figure 1B shows a schematic diagram of a bark containing successive periderms in the rhytidome.

Along time, there is a noticeable diametric expansion of the stem because the cambium produces many xylem and phloem cell layers. Consequently, there is a compression of the outer phloem and also a substantial tangential tensile stress on the bark, leading to cracking, splitting, and wrinkling in the most external layers of the rhytidome (Beck, 2010). The structure of the rhytidome, e.g., the number of different periderms and their cellular features and development, and the cellular composition and arrangement of the phloem tissues, e.g., the proportion and arrangement of fibers, directly influence the surface morphology of the bark and often give the unique features of particular species, like depth and direction of wrinkling and the kind of exfoliation (Roth, 1981; Beck, 2010). These characteristic external features of bark can be very useful for taxonomy, especially for tropical trees.

As rhytidome is the result of the development of successive periderms, barks that have only one periderm do not have rhytidome (Evert, 2006). For instance, Q. suber, Quercus variabilis, and Kielmeyera coriacea do not have rhytidome and are some of the species analyzed in this review.

CORK STRUCTURE AND CHEMICAL COMPOSITION

Cork is formed by cells with empty lumens and suberized cell walls. The presence of suberin is the specific characteristic of cork and often used to identify cork cells in plant anatomy by applying specific suberin staining, e.g., sudan dye. Suberin confers impermeability to water and gases and resistance to acids and contributes to compressibility (Pereira, 2007, 2015).

The cork structure is compact with a very regular arrangement of the individual cells and without intercellular spaces. The cells are in general hexagonal prisms that are stacked base-to-base in radial rows, and the rows aligned in parallel; in adjacent rows, the prism bases often lay in staggered positions. When observed two-dimensionally, i.e., in sections, the arrangement has a different appearance. In the transverse section (the plane perpendicular to the plant axis), the structure is a brick-wall type with the cells cut parallel to their prism axis and appearing with a rectangular form. The radial section (the plane that contains the plant axis and a diameter) is very similar. In the tangential section (the plane perpendicular to a radius), the cork cells appear polygonal, mostly as hexagons with a honeycomb structure (Figure 2).
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FIGURE 2 | Schematic representation of the cellular structure of cork.



It is often possible to identify growth increments in cork. Macroscopically they are distinguished by the darker color of the cell layers formed at the end of the growing season, that have thicker walled cells and smaller in the radial direction (latecork cells) in contrast to the thinner walls and radially longer cells of the beginning and core of the growing season (earlycork cells) (Pereira, 2007).

The cork cells may have evenly or unevenly thickened walls, e.g., some have U-shaped wall thickenings of the inner or outer tangential wall (Evert, 2006). In some species, the phellem contains also non-suberized cells, the phelloids, which have thick or thin cell walls and differentiate as sclereids.

In addition to the typical hollow, thin-walled, and radially widened cork cells, the cork layer may include thick-walled and radially flattened cells, often filled with dark resins or tannins that occur in some species in alternating tangential bands (Fahn, 1990).

Cork is chemically very different from other plant tissues, namely, from wood and phloem. It is out-singled by the presence of suberin as a major cell wall structural component. Suberin is a large biopolymer of lipid nature formed by the esterification of glycerol and long-chain fatty acids, α,ω-diacids and ω-hydroxyacids, either saturated or with an unsaturation, epoxy, or vicinal diol substitution at mid-chain (Graça and Pereira, 1997). Suberin also includes a few aromatic monomers in most cases ferulic acid (Graça and Pereira, 1998; Marques et al., 2016). The specific composition of suberin, i.e., the proportion of monomers varies between species, as detailed in the following sections.

Lignin is the second most important structural component of cork. This macromolecule is a cross-linked aromatic polymer with strong covalent bonds disposed as a 3D-network that confers strength to the cell wall (Pereira, 2007). Lignin is usually defined as a polymer of phenylpropane units with three different aromatic units—p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)—and the lignins are classified according to their H/G/S ratios. Lignin structural composition of barks, namely of corks, is largely unknown except for a few cases that showed that cork lignin is composed mainly of guaiacyl units with a low proportion of syringyl units (Marques et al., 1994, 1996, 1999, 2006, 2016; Marques and Pereira, 2013).

The structural polysaccharides of cell walls are cellulose and hemicelluloses. While, in wood they represent up to 80% of the structural components of the cell wall, in cork they have a much lower importance and correspond to about 20% of cork (Silva et al., 2005; Pereira, 2007). Xylans are the most important hemicelluloses in cork (Pereira, 1988).

Cork also contains non-structural components that are soluble in different solvents. Lipophilic extractives including fatty acids and alcohols, sterols, and terpenes, as well as polar compounds of phenolic nature are present in substantial amounts. The proportion and the composition of cork extractives differ substantially between species (Ferreira et al., 2015a,b, 2016a,b; Mota et al., 2016; Sen et al., 2016a).

The inorganic materials content, determined as ash, is usually below 3% (Pereira, 1988; Sen et al., 2010; Ponte-e-Sousa and Neto-Vaz, 2011; Ferreira et al., 2015a).

Much effort has been undertaken to study the variability of Q. suber cork in relation to chemical composition because this characteristic is responsible for many of its properties (Pereira, 1988, 2013; Bento et al., 2001; Sen et al., 2016a). For corks of other species, there is no systematic study of natural chemical variation.

Together, the cell structure and chemical composition determine cork properties, e.g., the solid volume ratio and the material’s density that influence elasticity and mechanical strength, as well as cork performance in insulation (Pereira, 2015). Of all mechanical properties, compression behavior is the one that has attracted most attention, due to the importance of compression in the world-known use of cork as stoppers for wine bottles (Anjos et al., 2008, 2014; Oliveira et al., 2014).

CORK-RICH BARKS

The barks may be classified in two groups in relation to periderm characteristics: those that have only one superficial periderm and do not have rhytidome (Figure 1A); and those that have rhytidome (Figure 1B). This distinction is of particular relevance when a potential exploitation of the cork layer is envisaged. When only one periderm is present, the cork layer is radially and tangentially homogenous and if its thickness is adequate, it may be used for production of solid cork products, e.g., cork stoppers. In the case of a rhytidome, the cork layers of the successive periderms are separated by phloemic layers; therefore the recovery of cork will require trituration of the rhytidome and fractionation of the cork component, thereby obtaining it in a granulated form that only allows use in cork agglomerated products.

The present main commercial provider of cork is the cork oak, Q. suber, which has only one periderm and a substantial production of cork. The Chinese cork is also commercially used: it is obtained from Q. variabilis, a tree that also has only one periderm. Other species were referred as having been used for production of cork or as having potential for it. Natividade (1950) points out Q. variabilis, Phellodendron amurense, and Ulmus campestris auct. var. suberosa, as having been industrially used in a similar way as Q. suber. This author also refers that Pseudotsuga menziesii bark and the rhytidome of Abies lasiocarpa var. arizonica, Abies concolor, and Erythrina spp. were used in agglomerates. Further, he identified Pithecolobium incuriale, Enterolobium ellipticum, K. coriacea, Aspidosperma tomentosum, Zeyheria montana, and Connarus suberosus as Brazilian cork-producing species with a potential value. Melaleuca leucadendron spongy and impermeable bark was also mentioned as a possible substitute to cork from the cork oak.

Rizzini and Mors (1995) referred that Agonandra brasiliensis, Pisonia tomentosa, Aspidosperma dasycarpum, Erythrina mulungu, and Symplocos lanceolata produce enough cork to justify their commercial exploitation. Abramovay (1999) in Rios (2007) suggested Erythrina crista-galli, P. incuriale, Stryphnodendron adstringens, and Anona coriacea as promising cork species. Pereira (1988) showed that Calotropis procera has a suberous bark. Sen et al. (2010, 2011a,b) studied Quercus cerris rhytidome and its cork to evaluate its potential for agglomerates. Bhat (1982) observed the bark structure and some physical properties of Betula pendula, identifying several cork layers in the rhytidome. Recently, Mota et al. (2016) studied the cork of Plathymenia reticulata from the Brazilian cerrado.

As far as we know, only Q. suber, Q. variabilis, Q. cerris, K. coriacea, P. menziesii, B. pendula, P. reticulata, A. lasiocarpa var arizonica, and A. concolor have been studied at variable degree for their bark and potential cork utilization. Table 1 lists these species dividing them in gymnosperm and angiosperm and classifies them regarding their bark characteristics, i.e., bark with or without rhytidome.

TABLE 1 | List of gymnosperm and angiosperm species that have been studied in relation to their cork-rich barks, classified according to their bark structure (presence/absence of rhytidome).
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In the following sections, a brief explanation is given for each species about distribution area and economic importance, as well as a review of the information available about their periderm and cork characteristics, and a brief discussion about prospective utilizations.

CHARACTERIZATION OF SOME CORK-RICH BARKS

There are few works on the barks that were identified as having a high cork content and on the characteristics of their cork component. One exception is the cork oak, Q. suber, the present main provider of commercial cork used by an integrated industrial chain of high economic relevance in the production regions. It has been extensively studied, and the rich array of publications was compiled in a reference book (Pereira, 2007). The barks of the other species listed in Table 1 have been much less studied, and in some cases only a few notes on bark development are available. The features of Q. suber cork, therefore, benchmark the general characterization of cork materials.

In the following sections, a synthesis of the existing knowledge on the cork of the different barks is made, organized by species, including, when available, details on periderm or rhytidome, cork cellular and chemical features, and use potential. Summary tables were prepared for comparison of corks from the different species: Table 2 summarizes cell dimensions, Table 3 summarizes chemical composition, Table 4 summarizes polysaccharide composition, and Table 5 summarizes suberin composition.

TABLE 2 | Cellular biometry of cork of Quercus suber, Quercus variabilis, Kielmeyera coriacea, Plathymenia reticulata, Quercus cerris, and Pseudotsuga menziesii.
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TABLE 3 | Chemical composition (% total dry mass) of the cork of Quercus suber, Quercus variabilis, Kielmeyera coriacea, Plathymenia reticulata, Quercus cerris, Betula pendula, and Pseudotsuga menziesii.
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TABLE 4 | Polysaccharides composition (% of total neutral monosaccharides) of the cork of Quercus suber, Quercus variabilis, Kielmeyera coriacea, Plathymenia reticulate, Quercus cerris, Betula pendula, and Pseudotsuga menziesii.
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TABLE 5 | Suberin composition (mass % of the total compounds detected by GC) of the cork of Quercus suber; Quercus variabilis, Kielmeyera coriacea, Plathymenia reticulata, Quercus cerris, Betula pendula, and Pseudotsuga menziesii.
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Quercus suber

The cork oak (Q. suber) is a species native to the western Mediterranean basin, with the largest cork-producing areas situated in Portugal and Spain. The Q. suber trees are of median height (15–20 m) and may reach up to 25 m, with a broad crown and a very conspicuous bark (Figure 3).
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FIGURE 3 | Quercus suber stem showing (A) virgin cork; (B) second cork; and (C) reproduction cork in mature trees and the removal of cork from Q. suber trees: (D) cutting the cork layer; (E) pulling out of the cork planks; and (F) cork piles.



Cork from the cork oak has high economic importance, mainly as a raw material for wine stoppers and also for surfacing and insulating materials. The tree is exploited using a sustainable management with periodic removals of the cork layer under a silvicultural system that has been perfected along time, integrating a multifunctional agro-forest system called montado (Natividade, 1950; Pereira and Tomé, 2004).

Periderm Development

In the cork oak, the phellogen forms a continuous layer surrounding stem and branches and may live as long as the tree, although the intensity of its activity decreases with age (Natividade, 1950).

The phellogen activity begins in the first year of the shoot; the first cork cells keep the tangential form of the phellogen initial and build up radially aligned rows (Graça and Pereira, 2004). Besides the periclinal divisions of the phellogen cells, some anticlinal divisions also occur that increase the number of phellogen initials, and therefore of the radial rows of cork cells.

The cork in the first periderm is called virgin cork (Figure 3A). It shows numerous and deep cracks that run mostly longitudinally due to the radial enlargement of the tree (Pereira, 2007).

If the initial phellogen is destroyed, as it happens by the stripping of the cork layer, a new (traumatic) phellogen is formed in the inner tissues of the phloem and begins its meristematic activity in the same way as it happened in the first periderm, thereby forming a new regular cylindrical layer of cork cells around the tree; this cork is called reproduction cork. This new periderm is covered externally by the tissues that remained to the outside of where the phellogen was formed; therefore they include the first phelloderm (formed by the initial phellogen) and a layer of the non-functional phloem. As these tissues become exposed to air, they dry out and develop thin fissures building up what is called the cork back (Figure 3B) (Taco et al., 2003).

The first reproduction cork produced by this second phellogen (also called second cork) is often longitudinally fissured due to the still high tangential growth stress of the young tree (Figure 3B). When the second cork is removed, the process is repeated as described above, and the new cork layers no longer fissure since the tangential growth stress is much smaller (Figure 3C).

In the commercial exploitation of cork oaks, this process is repeated successively and a new phellogen and periderm are formed as described. This ability to develop each time a new periderm is the basis for the sustainability of the cork production and cork oak exploitation.

Cork Cellular Structure

The cork cells are mostly hexagonal prisms that are stacked by their bases in radially aligned rows disposed in parallel without intercellular voids (Figure 4). Therefore the cork cells appear as a honeycomb structure in the tangential section (Figure 4A) and as a brick-wall structure in transverse (Figure 4B) and radial sections (Figure 4C). On average the cell prism height is 30–40 µm and the cell wall thickness 1–1.5 µm (Table 2). It is possible to observe annual rings that are marked by the presence of a layer of latecork cells at the end of the growth season with a shorter prism height (10–15 µm) and a thicker cell wall (2–3 µm) in comparison with the earlycork cells.
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FIGURE 4 | The cellular structure of Quercus suber cork: (A) tangential section; (B) transverse section; and (C) radial section (Pereira, 2015).



The solid fraction in the cork is 8–9% in the earlycork and 15–22% in the latecork region (Pereira, 2007), which justifies the low density of cork.

An important structural characteristic is the corrugation of the radial aligned cell walls that arise from compression stresses during cork growth, i.e., the new cell layers compress the already existing cork cells by pushing them toward the exterior. Sometimes the cell wall corrugation may be strong, especially in virgin cork (Pereira et al., 1987).

Lenticels are present and develop as lenticular channels that cross radially the cork layers; they cause the so-called porosity of cork that appears as more or less circular in tangential sections of cork and as thin strips in the other sections. Cork porosity has been extensively characterized because it is a visual quality parameter that defines the commercial quality of cork stoppers (Pereira et al., 1996; Costa and Pereira, 2007; Oliveira et al., 2012, 2015).

Chemical Composition

Reproduction cork has on average 16% extractives, 43% suberin, 22% lignin, and 19% cellulose and hemicelluloses (Table 3). The extractives include non-polar compounds that are extracted by solvents such as dichloromethane (representing on average 5.8% of cork) and polar compounds solubilized by ethanol and water (5.9 and 4.5%, respectively) (Pereira, 2013).

Suberin is the most important component of Q. suber cork. Its composition regarding the long-chain lipid monomers is shown in Table 5. In reproduction cork, the α,ω-diacids are the most abundant monomers (53.0% of the monomers), followed by ω-hydroxyacids (30.6%). The most abundant single monomer is the 9-epoxyoctadecanedioic acid (26.7%), followed by 22-hydroxydocosanoic acid (9.2%), 9,10-dihydroxyoctadecanodioic acid (9.0%), and 9-epoxy-18-hydroxyoctadecanoic acid (8.5%). In terms of chain length, most fatty acids have 18 and 22 carbons, representing, respectively, 66.2 and 14.4% of the total monomers. Suberin also contains, as a major monomer, glycerol that accounts on average to 8.5 or 14.2% of the suberin (Graça and Pereira, 2000; Pereira, 2015).

Lignin is the second most important component in the cork cell wall. Cork lignin is a G-type lignin composed by 95% guaiacyl units, 3% syringyl units, and 2% 4-hydroxyphenyl units (Marques et al., 2006; Marques and Pereira, 2013) with 80% of the inter-unit linkages as β-O-4-alkyl-aryl ether bond (Marques et al., 2016).

The hemicelluloses are mainly composed of xylose and arabinose, with smaller amount of galactose and mannose (Table 4).

There is a substantial chemical variability of Q. suber cork regarding between-tree and between-site differences that has been addressed in several studies (Pereira, 1988, 2013; Conde et al., 1998; Bento et al., 2001; Sen et al., 2016a). The content of suberin is the most important chemical attribute of cork since it is its chemical fingerprint and is directly related to most of its typical properties (Pereira, 2015).

Utilizations

Cork oak forests extend to about 2.2 million ha and produce annually up to 200,000 tons of cork that feed an important industry (APCOR, 2015). Portugal is the main producer of raw cork and of cork products that include mainly cork stoppers for the wine industry and insulation and surfacing boards (Pereira, 2007). The production of cork is based on the periodical removal of the cork layer by cutting large planks that are pulled out from the stem (Figures 3D–F). The cork removal is made usually in June–July, when the tree and the phellogen are active and allow an easy separation of the cork. The period between cork removals is usually 9 years in the major producing regions, which allows a thickness of the cork plank suitable to produce the cork stoppers (>24 mm). The cork oak silvicultural system is directed for cork production and is regulated, e.g., the minimum period between cork removals or the extension of the debarking, aiming at maintaining the overall sustainability of the forests.

The cork planks are primarily directed for the production of natural cork stoppers that are bored out from the planks in the axial direction (Costa and Pereira, 2010). If the cork planks are too thin to allow this, they are directed to produce cork discs to be used for sparkling wine stoppers. The residues of these production lines, as well as other unsuitable cork pieces (for instance, virgin cork) are triturated, and the cork granules are agglomerated with suitable adhesives for production of technical wine stoppers, insulation boards, flooring and surfacing boards, joint sealants, and damping and shock absorption layers, among other usages (Pereira, 2007).

The cork of Q. suber has been comprehensively studied. Nevertheless, areas of interest remain where more knowledge and research are needed, e.g., fundamental studies on the topochemistry and 3D architecture of the cork cell wall, the extent and causes of natural variability in chemical composition and cellular features, and how these relate with properties, as well as innovative approaches to product development and new uses.

Quercus variabilis

Quercus variabilis (Chinese cork oak) is a species with a distribution area in China, Korea, and Japan; in China, it is found mostly in the Shaanxi province and in neighboring western Hubei and eastern Sichuan provinces (Zhang and Lu, 2002; Zhou et al., 2010). In China, it is exploited for cork production but with less importance than the cork oak in Europe, although cork production has increased in the last years to approximately 50,000 tons in conjunction with the marketing of some cork products (Zhao et al., 2013; Ferreira et al., 2016a). The tree is medium-sized to large, growing up to 25–30 m, and the bark forms a continuous periderm around the stem with a thick layer of cork, as in the cork oak, and the stem appearance of these two species is similar (Figure 5).
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FIGURE 5 | Quercus variabilis stem—“Chinese cork oak bark” by Velela—own work. Licensed under Public Domain via Commons https://commons.wikimedia.org/wiki/File:Chinese_cork_oak_bark.jpg#/media/File:Chinese_cork_oak_bark.jpg.



Some research about this species can be found, mainly in China, Japan, and Korea as demonstrated by several authors [e.g., Kim et al. (1990), Kim (1993), Wei et al. (2007), YaFang et al. (2009, 2012), Zhang et al. (2009), and Miranda et al. (2013)], but with the limitation that most of it is not written in English. Recently, Ferreira et al. (2016a) analyzed the virgin and reproduction cork, comparing their chemical and cellular characteristics with those of the cork oak.

Cork Cellular Structure

The cork cells from Q. variabilis are polygonal in a honeycomb-like arrangement in the tangential section, while the transverse and radial sections show a brick-wall structure with an alignment in parallel rows (Figure 2) (YaFang et al., 2009; Miranda et al., 2013; Ferreira et al., 2016a). Cork cells are prismatic, and the cell walls present corrugations, especially the earlycork cells that form against the previous latecork cells (Miranda et al., 2013; Ferreira et al., 2016a).

Like in the cork oak, the Chinese cork has rings with larger earlycork cells and with thinner walls than latecork cells. The average ring width of Q. variabilis is significantly smaller than in Q. suber cork (0.82 vs. 2.06 mm), and each ring has two to six latecork cells representing 14% of the ring width (Kim, 1993; Miranda et al., 2013; Ferreira et al., 2016a).

Prism height in the earlycork cells of the reproduction cork of Q. variabilis is smaller than in Q. suber (23 vs. 30–40 µm, Table 2). The solid fraction in earlycork is, therefore, higher in the Chinese cork than in Q. suber cork (13 vs. 8–9%) (Miranda et al., 2013; Ferreira et al., 2016a). Consequently, Q. variabilis cork has higher density than Q. suber, what constitutes a disadvantage as an insulating material (Kim, 1993; Miranda et al., 2013). Another difference between these two corks is the appearance of the cell wall: the lumen side of the cork surface of Q. variabilis is rough with deposits of several dimensions, while in Q. suber, it is smooth and with only occasional deposits (Miranda et al., 2013).

Like in the cork oak, lenticular channels cross radially the cork layer with a circular or elliptical shape in the tangential section and with filling tissue (Kim, 1993; Ferreira et al., 2016a).

Chemical Composition

Virgin and reproduction cork of Q. variabilis are chemically very similar: on average 0.9% ash, 9.2% extractives, 37.8% suberin, and 28.5% lignin. The composition is within the variation range of reproduction cork from Q. suber (Table 3) although with less extractives, with lower levels of non-polar compounds extracted by dichloromethane (YaFang et al., 2009; Miranda et al., 2013; Ferreira et al., 2016a). The ratio suberin/lignin is 1.4 (virgin cork) and 1.3 (reproduction cork), lower than the average of 2.0 in Q. suber (Ferreira et al., 2016a). Given that most of the properties of cork result from the joint presence of suberin and lignin in the cell wall and their relative proportion, the higher proportion of lignin will give Q. variabilis cork higher compressive strength than Q. suber (Pereira, 2013).

Polysaccharides (Table 4) show a large presence of xylan-based hemicelluloses and a comparable proportion of cellulose (glucose amounts to 52% of the neutral sugars).

Suberin composition (Table 5) shows a substantial difference in relation to the reproduction cork from cork oak: Q. variabilis cork has more ω-hydroxyacids and less α,ω-diacids. The main monomers in Q. variabilis suberin are 22-hydroxydocosanoic acid (35.1–21.4%), 18-hydroxy-9-octadecenoic acid (22.0–17.1%), and 9,10-epoxy-18-hydroxyoctadecanoic acid (10.0–10.2%) (Ferreira et al., 2016a). Epoxyacids have lower contents (13.3–14.4%, Ferreira et al., 2016a) than in Q. suber suberin (30%, Graça and Pereira, 2000). The relation between the saturated and the substituted acids in Q. variabilis suberin is 1.0–0.7 (0.4 in Q. suber) (Ferreira et al., 2016a). Therefore, it is to be expected that suberin spatial development may be more compact in Q. variabilis cork. Ferulic acid is also present in the suberin extracts (3.6–3.0%), enforcing the conclusions about its function in the cross-linking between suberin and lignin (Marques et al., 2016).

Utilizations in Perspective

Cork of Q. variabilis is at present already harvested, industrially processed, and commercialized. Due to the characteristics of the raw material, it cannot be used for production of solid cork products, namely for wine stoppers; instead, it is granulated and used in agglomerates for various surfacing and insulation applications.

The cork from Q. variabilis presents lower quality than that from Q. suber, namely, higher density, compressive strength, and elasticity. However, this cork presents characteristics that are compatible with its use as an insulating, sealing, and energy absorption material and may be considered as a complementary raw material for cork from cork oak (Miranda et al., 2013; Ferreira et al., 2016a). The cork from Q. variabilis can also be a potential source of friedelin or of betulinic acid, due to the high levels of these triterpenes in the extractives (Ferreira et al., 2016a).

The exploitation of this species as a cork provider is far from being developed and optimized as it is for Q. suber and its cork, e.g., the development and improvement of Q. variabilis silviculture and forest management as well as of the respective cork industry may overcome the present constrains. More knowledge and research are certainly needed in the tree physiology related to the bark and cork formation that would complement applied silvicultural studies. The variation of cork characteristics between trees and geographical locations as well as with tree age is also important for improving products and industrial processes.

Kielmeyera coriacea

Kielmeyera coriacea is natural from the savannah-type ecosystems of the Brazilian cerrado. The trees are in general 1–4 m high (Rios, 2007) and the stem is covered by a conspicuous cork bark (Figure 6).
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FIGURE 6 | Kielmeyera coriacea tree in the Brazilian cerrado (Minas Gerais) and its cork bark.



The bark can be several centimeters thick and has a periderm with 1.1–1.8 cm of cork and only a few inclusions of phloem (Rios et al., 2011). The cork tissue may be detached from the stem and the tree has a high regeneration capacity of the periderm and its cork; this has led to suggestions of exploitation with successive cork removals at 5- to 6-year rotations (Souza, 1974; Lima and Marcati, 1989).

The phloem inclusions appear as thin bands, approximately tangentially oriented and parallel to the phellogen, representing from 10 to 25% in area. Lenticels are present and correspond from less than 1 to 15% of the cork cross section. Together phloem inclusions and lenticels represent between 12 and 40% of the outer bark area (Rios, 2011).

Cork Cellular Structure

The cellular structure of K. coriacea cork is similar to that of Q. suber cork. The cork cells are hexagonal prisms, disposed in a honeycomb-like arrangement (Figure 2); cell wall thickness is between 1.5 and 2 µm, and cell length in the radial direction is significantly higher than in cork oak cork (Table 2).

Chemical Composition

The chemical analysis of K. coriacea virgin cork, shown in Table 3, includes not only the cork tissue but also its phloem inclusions. The content of suberin is from 16 to 30%, and this species presents higher contents of lignin than cork oak cork with 43.6–55.3% (Rios et al., 2014).

Table 4 shows that xylans are the most important hemicelluloses in the virgin cork from K. coriacea; the glucose proportion is higher than in cork of Q. suber and of all the other reported species.

Kielmeyera coriacea cork suberin (Table 5) is chemically composed mainly by ω-hydroxyacids and α,ω-diacids have a lower proportion (Rios et al., 2014). The main ω-hydroxyacids are the C18 9,10 mid-chain substituted ones, namely, with an unsaturated group (18-hydroxyoctadec-9-enoic-acid) and a vicinal diol group (9,10,18-trihydroxyoctadecanoic acid). The α,ω-diacids include the octadec-9-ene-1,18-dioic acid and 9,10-dihydroxyoctadecane-1,18-dioic acid. This suberin does not contain acid monomers with saturated chains, either ω-hydroxyacids, α,ω-diacids, or n-alkanoic acids (Rios et al., 2014).

Utilizations in Perspective

There is no industrial utilization of K. coriacea bark as a raw material for cork products. However, its exploitation as a cork provider has been already suggested (Natividade, 1950), namely, for the production of cork agglomerates (Rios et al., 2014) since the homogeneity of the cork layer does not seem suitable as a raw material for solid cork products. The cellular and chemical characteristics of K. coriacea cork are compatible with the common uses of cork, namely, as an insulation and surfacing material after trituration and agglomeration. Its use as a source for bio-based chemicals was also suggested, e.g., xantones and long-chain fatty acids from the extractives, or the bifunctional ω-hydroxyacids and α,ω-diacids monomers from suberin (Rios et al., 2014). However, any further considerations on the potential use of K. coriacea cork will require studies on its characterization as well as on tree-related aspects of cork development.

Plathymenia reticulata

Plathymenia reticulata is a species native to South America that vegetates in the Atlantic forest and, as also K. coriacea, in the cerrado, a particular savannah-type ecosystem. It grows up to 30 m but in the cerrado it is generally smaller reaching only 5 m. Its most important applications are relative to the wood which is rot-resistant and widely used as a structural timber and in high-end carpentry (Carvalho, 2009). The stem has a cork bark, as shown in Figure 7.
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FIGURE 7 | Stem cross section of Plathymenia reticulata, a tree from the Brazilian cerrado (Minas Gerais).



The only study on the cork of this species is reported here, giving data on chemical composition and cellular structure (Mota et al., 2016).

Periderm Development

The bark of this species presents an internal thick brown layer of phloem that is covered by a periderm containing a conspicuous light brown layer of cork with deep fissures that result from the tangential growth stress. The periderm develops continuously around the stem with a lifespan probably equal to the tree age and with an annual regular activity of the phellogen (Mota et al., 2016).

Cork Cellular Structure

Plathymenia reticulata cork cellular structure has no substantial difference from the one of Q. suber cork. The cork cells are polygonal, in a honeycomb-like arrangement (as in Figure 2), cell wall thickness is within the variation range observed for Q. suber but prism base edge is much higher than in cork oak (Table 2).

The cork from P. reticulata shows growth rings, with fewer and smaller latecork cells (two to four cells in a radial row) and more and larger earlycork cells (six to nine cells), although the differences between earlycork and latecork are not so pronounced as in the cork oak cork, leading to a more homogeneous material (Mota et al., 2016). Large variations of size between cells were observed, either in the tangential or in the non-tangential sections. Like in Q. suber, the cork cells of this species have undulations in the non-tangential sections as well lenticular channels, sometimes with filling tissue.

Chemical Composition

The summative chemical composition is included in Table 3 (Mota et al., 2016). The important feature is that lignin is the major structural component and not suberin (34.5 and 24.7%, respectively). This indicates a low value of the suberin/lignin ratio of 0.7; this was also found by Rios et al. (2014) for the other cerrado species K. coriacea. In comparison with the cork of Q. suber although there is a large variability in the chemical composition values, the ratio suberin:lignin is quite above this value (Pereira, 2013). This chemical difference certainly will bring differences in the chemical behavior, as discussed in Pereira (2015).

In P. reticulata cork, xylan-based hemicelluloses prevail with a considerable proportion of arabinose (Table 4), including acetyl substitutions and uronic acid monomers (Mota et al., 2016).

The suberin composition (Table 5) shows more ω-hydroxyfatty acids and less α,ω-diacids than in Q. suber reproduction cork suberin. The main individual suberin monomers are the 18-hydroxyoctadecanoic acid (saturated and substituted), the octadecanodioic acid, the tetracosanoic acid, and the hexacosanoic acid while only minor values of the 9-epoxyoctadecandioic acid (<1%) were found (Mota et al., 2016), contrarily to what happens in the suberin from cork oak where it is a main component.

Utilizations in Perspective

The cellular and chemical characteristics of P. reticulata cork are compatible with the common uses of cork, namely, as an insulation and surfacing material after trituration and agglomeration (Mota et al., 2016). Other potential utilizations were identified, namely, as a biosorbent and as a raw material for extraction of valuable compounds like lupeol, fatty acids, and terpenoids.

However, in order to fully develop the utilization of P. reticulata cork as a raw material for cork products under a sustainable cork production management, further research is needed to understand how periderm regenerates after cork removal and the characteristics of the subsequent cork layers. Should the cork be obtained as a by-product of tree exploitation for timber, i.e., the bark is produced as a residue, then its valorization for cork agglomerates is possible straightaway. In any case, studies on P. properties, e.g., density, compression, and insulation properties are needed.

Quercus cerris

Quercus cerris L. (Turkey oak) is a medium-sized tree that can reach up to 30 m. It has a distribution area from central and south-eastern Europe to Asia Minor (Sen et al., 2011b).

Quercus cerris bark (Figure 8) is thick (3–7 cm) with a brown grayish color, hard to the touch, and with short deep longitudinal furrows. It is composed of phloem, periderm, and a considerable proportion of rhytidome. The rhytidome has sequential periderms with phloem tissue between them. The cork is clearly distinguished forming patches of variable radial thickness that are non-continuous tangentially and axially. The external periderms of the rhytidome do not shed (Sen et al., 2011b).
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FIGURE 8 | Quercus cerris logs (Turkey) and bark cross section.



There are some records on the utilization of Q. cerris cork as a substitute from Q. suber cork for agglomerates and stoppers (Sen et al., 2011b). Nowadays, neither the wood nor the bark of this species is economically exploited, and until recently, very little research was made on the characterization of its cork.

Periderm Development

Quercus cerris has a conspicuous cork presence in the rhytidome as layers with a radial width from about 1 to 10 mm, while the phelloderm is composed of a layer of only two or three thin-walled cells (Sen et al., 2011b).

The phellem layers present 2–5 growth rings, and each ring is composed of about 6–12 layers of phellem cells more or less radially aligned without intercellular voids. The phellem cells are suberized, with thin walls with a uniform thickness in the tangential and radial walls and are sometimes radially flattened. Like in Q. suber, at the beginning of the growth ring, cells are larger with thin walls, while at the end of the growth ring, they are smaller and have thicker walls. Despite this similarity, both species have different intensities of phellem growth. In fact, in turkey oak, each phellogen cell produces only 6–12 phellem cells/ring in each radial row (Sen et al., 2011b), and in Q. suber, this figure is about 10–20 in young plants (Graça and Pereira, 2004) and up to 100 in mature trees (Pereira et al., 1992). It is also to remark that in this species, but not in Q. suber, one or two layers of the cork cells, in the limit of each growth ring, can thicken up and become very lignified (Sen et al., 2011b).

Lenticular channels crossing radially the periderm are rare and without filling material. This feature can be explained because in turkey oak cork layers are not continuous around the stem, as it happens in cork oak, and therefore, gas exchange between the innermost living tissues and the exterior does not require the development of these channels (Sen et al., 2011b). The cork tissue also includes lignified phloem cells (fibers and sclereids).

In what concerns phellogen longevity, it is probable that its lifespan is around 25 years (Sen et al., 2011b) but, the fact that each periderm presents from two to five rings suggests that phellogen activity is not annual and that the rings cannot be considered as successive annual rings (Sen et al., 2011a).

Cork Cellular Structure

The cork cellular structure of Q. cerris is very similar to the one presented in Section “Cork Structure and Chemical Composition” for Q. suber cork (Figure 2). In fact, the cork cells form a bidimensional network of edges and vertices without intercellular voids. The cells are mostly hexagonal prisms, stacked base-to-base disposed in parallel rows aligned in the radial direction, in a compact space-filling arrangement. Frequently, in adjacent rows prism bases coincide with each other or lay in staggered positions (Sen et al., 2011a).

The cell walls also present corrugations. The intensity of corrugation is greater in Q. cerris than in Q. suber, possibly due to the thicker cell walls and to the more irregularity in the stress radial-growth distribution along the cork tissue as a consequence of the presence of phloem between the cork layers (Sen et al., 2011a).

Cork ring width is on average 201 µm and contains seven to nine earlycork cells and two to four latecork cells in each radial row (Sen et al., 2011a). Dimensions of earlycork and latecork cells are presented in Table 2. Prism base edge and cell wall thickness are higher in Q. cerris cork than in Q. suber cork, and therefore, Q. cerris cork has a higher density (Sen et al., 2011a).

Chemical Composition

The chemical composition of Q. cerris cork is given in Table 3. Suberin is the major cell wall structural component of the cork from Q. cerris but almost in the same proportion as lignin; the suberin:lignin ratio is 1.0. In the polysaccharides, that represent almost 16.7%, glucose is the major monosaccharide (Table 4) but important contents of xylose, arabinose, and galactose are also present. This composition suggests that the main hemicelluloses are xylans (Sen et al., 2010).

In Q. cerris cork suberin, ω-hydroxyacids represent almost 90% of all long-chain monomers (Table 5). The single most abundant compound is the vic-diol mid-chain substituted ω-hydroxyacid in C18: the 9,10,18-trihydroxyoctadecanoic acid represents about 54% of all long-chain monomers. The saturated ω-hydroxyacid in C22 represents 20% and the unsaturated ω-hydroxyacid 18-ω-hydroxyoctadec-9-enoic acid 11%. The α,ω-diacids are present in less than 8% of the total suberin and are constituted mostly by vic-diol substituted 9,10-dihydroxyoctadecanedioic acid with 5% of the long-chain monomers (Sen et al., 2010). Alkanoic acids in C16 and C18 as well as alkanols in C20, C22, and C24 represent a small part of the suberin (Sen et al., 2010). The C18 monomers are the most abundant, followed by C22 monomers, and their relative amounts are not very different from the ones found in cork oak (Sen et al., 2010). The major quantitative difference between Q. cerris suberin and Q. suber reproduction cork suberin lies on the relative proportion of α,ω-diacids and ω-hydroxyacids which is much lower in the first one (Table 5).

Utilizations in Perspective

Due to the characteristics of Q. cerris bark, the industrial utilization of its cork requires previous trituration and fractioning by size and density in order to obtain pure cork or cork-enriched fractions. Therefore, the use of cork is limited to granulates and the production of cork agglomerates. A pilot-scale fractioning of Q. cerris bark was already made (Sen et al., 2016b): a yield of 8.4% cork pure granulates suitable for agglomerated stoppers was obtained as well as 18.5% of cork-rich fractions usable in the production of surfacing and other cork agglomerates.

Considering the comparative cost advantage of the Q. cerris cork, it seems economically interesting to integrate it into the present cork industrial production lines, thereby allowing to enlarge the cork raw-material supply base. However, further studies are required for process optimization and for the development of Q. cerris-specific cork-based products.

Betula pendula

Birch (B. pendula) covers a large part of the Eurasian continent, from the Atlantic to eastern Siberia (except Iceland, the Iberian Peninsula, and Greece) but is present mainly in northern Europe where it is one of the most important species for pulp production (Hultén and Fries, 1986). Birch is a deciduous medium-sized tree, usually 15–25 m high but can reach 30 m.

In 2013, the European pulp and paper industry consumed about 19.6 million m3 of birch wood, thereby generating a large amount of bark (CEPI, 2013). Given a content of outer bark at 3.4% (Jensen, 1948), an annual estimate potential availability of birch outer bark at about 900,000 tons may be made.

The outer bark of birch has been used traditionally in small handicrafts, e.g., boxes, for canoe building, and for the still in-use roof coverings, but it is at present mainly used for energy.

Periderm Development

Betula pendula bark has a rhytidome with numerous tightly packed periderm layers that consist of thick-walled cork cells inwards and thin-walled cells outwards (Schönherr and Ziegler, 1980), that resemble annual increments produced in the early and late season of the growth period (Ferreira et al., 2016b). The birch periderm contains alternate layers of strongly suberized cells (five layers of cells with tangential walls up to 2 µm thickness) with a variable number of layers with little or no suberization (Schönherr and Ziegler, 1980). The cells are mostly flattened in the radial direction and stretched in the tangential direction and show many cell wall deposits on the lumen side (Ferreira et al., 2016b). Figure 9 shows SEM photographs of the cross section of birch outerbak.
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FIGURE 9 | SEM photograph of a transverse section of Betula pendula outerbark and of cork cells.



Birch bark is described as having a rhytidome composed by periderms with successive cork layers and phloem layers with several sclerenchymatic tissues (fibers, sclereids, cortical, and parenchyma cells) and showing conspicuous lenticels that contain suberized and non-suberized cells disposed in stratified layers (Bhat, 1982; Trockenbrodt, 1991; Ferreira et al., 2016b). Suberized layers are continuous across the lenticels and maintain in between the loose tissue together, breaking up successively as a new phellogen is formed. Intercellular spaces with diameters up to 5 µm are seen in the tangential section across the lenticels that represent about 3% of the total periderm area (Schönherr and Ziegler, 1980).

Chemical Composition

There are a few studies on B. pendula bark chemical composition made in the 70s and 80s of last century [e.g., Holloway (1972, 1983), Holloway and Deas (1973), Ekman (1983), and Ekman and Eckerman (1985)] and more recently on suberin composition [e.g., Gandini et al. (2006) and Ferreira et al. (2013, 2016b)]. It should be noticed that several of the studies were made with the whole birch outer bark instead of only the cork fraction, thereby including the non-suberized cells.

Betula pendula cork contains a large amount of extractives of about 32% (Table 3) mostly corresponding to lipophilic extractives, i.e., 98% of the total extractives are dichloromethane solubles. Their composition shows the striking dominance of triterpenoids (90–97% of all compounds) where betulin corresponds on average to 71% of the extract; the other compounds are lupeol (on average 14%) and betulinic acid (4%) (Ferreira et al., 2016b).

Suberin represents 36% of cork (Ferreira et al., 2016b) corresponding to 53% on extractive-free cork that are in agreement with previous reported values of 59% (Holloway, 1983) and 51% (Holloway and Deas, 1973). Lignin amounts are 14% of the cork, and therefore, the suberin:lignin ratio is 2.5.

Cellulose and hemicelluloses represent only 10% of B. pendula cork with most hemicelluloses formed by arabinose and xylose (Table 4).

The suberin from B. pendula (Table 5) contains aliphatic ω-hydroxyacids of chain lengths between C16 and C26, with a large proportion of components in C18 (73% of all long-chain monomers) and C22 and with smaller quantities of fatty acids and neutral constituents (Holloway, 1972). In comparison with Q. suber reproduction cork, birch cork suberin contains much more ω-hydroxyfatty acids and much less α,ω-diacids. In fact, the main individual suberin monomers are the 9,10-epoxy-18-hydroxyoctadecanoic acid (30% of total monomers), the 22-hydroxydocosanoic acid (13%), the 9,10-dihydroxyoctadecandioic acid (12%), and the 18-hydroxyoctadecanoic acid (12%) (Ferreira et al., 2016b).

Utilization in Perspective

Birch cork does not have the structural and cellular characteristics that impart the properties that have made cork so interesting as a material. The cell biometry, e.g., the radially flattened cells and the cork thickness of the periderms, the weak tangential cohesion, and the heavy inclusion of lumen deposits do neither allow a prospective utilization for stoppers nor for the most common applications of cork as a cellular material (Ferreira et al., 2016b). Consequently, this cork main utilization and valorization will be as a chemical source.

Due to its high content in suberin, birch outer bark has been proposed as a source of monomers, e.g., of ω-hydroxyfatty acids, α,ω-dicarboxylic acids, and homologous mid-chain dihydroxy or epoxy derivatives for production of novel macromolecular materials (Gandini et al., 2006), polyesters (Olsson et al., 2007; Sousa et al., 2007), polyols (Evtiouguina et al., 2000, 2002), polyurethanes (Cordeiro et al., 1997, 1999; Evtiouguina et al., 2001) and has also been considered as a source of extractives, namely, of triterpenoids and in particular of betulinol (Pinto et al., 2009). Some patents have already addressed the possibility of using birch bark as a source of chemicals (Krasutsky et al., 2003, 2005, 2009).

Pseudotsuga menziesii

Douglas-fir (P. menziesii) is a conifer native from western North America, occupying approximately 14.4 million ha in the USA and 4.5 million ha in Canada (Weiskittel et al., 2012) and introduced into many parts of the temperate regions of the world, including Europe (Lavender and Herman, 2014). It is a very important species for timber production in its natural distribution area and also in Europe. The height of P. menziessi mature trees depends on site location, but it can reach up to 100 m (Lavender and Herman, 2014).

The bark contains a substantial proportion of cork from 25 to almost 50% (Kurth, 1953; Ross and Krahmer, 1971; Krahmer and Wellons, 1973), and cork formation occurs at a relatively early age (Hergert and Kurth, 1952). Douglas-fir bark presents a great variety in thickness, density, chemical composition, and cork content according to site quality, tree age, and axial position on the tree (Kurth and Kiefer, 1950; Hergert and Kurth, 1952; Ross and Krahmer, 1971).

The stem appearance is shown in Figure 10. The rhytidome contains alternated bands of phloem (dark brown) with cork tissues (light cream brown) very well distinguishable to the naked eye.
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FIGURE 10 | Pseudotsuga menziesii stem, cross section of the bark and SEM photograph of a transverse section of cork.



Periderm Development

The development of the first periderm in P. menziesii is similar to the process reported in Section “Bark Structure and Formation” and when it dies, a new phellogen forms inside the phloem (Grillos, 1956). The new phellogen does not form a whole circumference around the tree, but only in short portions around and along the length of the stem; therefore, the cork layer is interspersed with small parts of inactive crushed phloem (Grillos, 1956; Krahmer and Wellons, 1973). Douglas-fir rhytidome is composed by approximately 49% (in volume) of dead phloem and 51% of periderms (Patel, 1975).

Although the first phellogen can be functional for 25 to 35 years, only the deeper phellogens produce enough cork that show distinct increments (Grillos, 1956).

Most of the periderm is formed by cork cells disposed in well-oriented radial rows and the phelloderm layer is between one and three cells thick (Chang, 1954; Grillos, 1956; Krahmer and Wellons, 1973). The cork thickness is very variable between trees, in average 1.8 cm at breast height ranging from 2 cm to less than 1 mm at root collars and from 5 to 40 cell layers (Kurth, 1953; Grillos, 1956; Ross and Krahmer, 1971). At any particular tree height, the number of cork growth increments is inferior to the age of the tree (Ross and Krahmer, 1971).

One striking feature of Douglas-fir cork is the major presence of bands of compressed cork cells that build up a compact layer of crushed cells due to a severe folding of the radial cell walls (Ross and Krahmer, 1971; Cardoso et al., 2016). These bands of high solid content appear as dark layers, with a successive tangential alignment, separated by light colored layers. These layers have been called as growth increments (Chang, 1954; Ross and Krahmer, 1971; Krahmer and Wellons, 1973).

Cork Cellular Structure

Pseudotsuga menziesii cork cells are in general thin-walled and uniform in thickness. Some thick-walled cells with small pores or pits are occasionally observed either disposed in bands or scattered (Chang, 1954; Grillos, 1956); when their proportion is high the cork is referred as “woody cork” (Grillos, 1956; Krahmer and Wellons, 1973).

Cork cells are more or less isodiametric, symmetrical in shape, and disposed without intercellular voids. On the transverse (Figure 10) and radial directions, they are similar, square to rectangular (if the cells have not been crushed); on the tangential direction, the cells are mostly pentagonal or hexagonal (Krahmer and Wellons, 1973; Cardoso et al., 2016).

Douglas-fir cork cell dimensions are presented in Table 2. The cell prism height and base edge are high and cell wall thickness is low; the radial walls are wrinkled due to growth stresses after the cell walls are formed (Grillos, 1956; Krahmer and Wellons, 1973; Cardoso et al., 2016); 60% of the cells observed by Cardoso et al. (2016) were crushed.

Chemical Composition

Pseudotsuga menziesii cork has a high content of extractives (Table 3) that are mostly polar compounds soluble in ethanol and water (23.5% of the cork) (Ferreira et al., 2015a). The lipophilic extracts (5.4% of the cork) contain as major component catechin (49% of the total), as well as pinoresinol and β-sitosterol (Ferreira et al., 2015a).

The cell walls are composed mainly of suberin (Krahmer and Wellons, 1973; Graça and Pereira, 2000). Suberin represents 36.2% of the Douglas fir cork and lignin 16.8% (Ferreira et al., 2015a). The suberin:lignin ratio is 2.2, a value similar to the one in Q. suber cork (Pereira, 2013).

The monosaccharide composition (Table 4) shows that hemicelluloses contain arabinoxylans and also galactoglucomannans, e.g., galactose and mannose represented 20.4% of the sugars, and xylose and arabinose 24.2%. This differs from the compositions of the other corks and is associated to the fact that Douglas-fir is a softwood (Ferreira et al., 2015a).

Suberin composition (Table 5) shows that the most important monomers are the ω-hydroxyacids, representing 36.2% of the total, followed by the α,ω-diacids (18.6%); chain lengths of C16 and C22 are more relevant (49% of the identified long-chain monomers) (Ferreira et al., 2015a).

When comparing with Q. suber cork suberin, the Douglas-fir suberin contains more saturated α,ω-diacids (hexadecanedioic and octadecanedioic acids), less unsaturated α,ω-diacids, and no epoxyacids (Graça and Pereira, 2000; Ferreira et al., 2015a).

Utilizations in Perspetive

The potential of Douglas-fir bark as a raw material, namely, of its cork component, was recognized since the 50s of last century and several studies were performed (Kurth and Kiefer, 1950; Hergert and Kurth, 1952; Kurth, 1953; Grillos, 1956).

Although there is a considerable proportion of cork in Douglas-fir bark, the small dimensions of the cork layers and their discontinuous distribution with interspersed phloem restrict its direct use and require previous bark milling and particle size separation (Ferreira et al., 2015a,b). An integrated bark valorization approach should contemplate the separation of cork-rich fractions to be further purified and used as a raw material for cork-based products (e.g., composites), while phloem-rich fractions can be used for the extraction of polar soluble compounds (e.g., phenols and polyphenols), while the polysaccharide–lignin matrix may be considered for biorefineries (Ferreira et al., 2015b).

The utilization of the Douglas-fir cork granulates in products that rely on the properties given by the typical cork cellular structure is hindered by the high proportion of crushed cells in this cork (Cardoso et al., 2016). Studies on structural improvement, e.g., cell expansion might therefore increase its utilization potential.

Abies lasiocarpa var. arizonica

Abies lasiocarpa var. arizonica (corkbark fir) is a gymnosperm that occurs naturally in the United States of America, namely, in the Arizona, Colorado, and New Mexico at about 2400–3400 m of altitude. The wood is used for general structural purposes and pulp manufacture. This species is a medium-sized tree growing up to 20 m, exceptionally to 40–50 m.1 The bark forms a rhytidome and has a rough aspect.

The only works found on the cork from the corkbark fir were from the 50s and the 60s of last century (Chang, 1954; Mogensen, 1968).

Periderm Development

The first phellogen initiates in the outermost layer of the cortex below the epidermis. It is long lived and remains active, producing a relatively large amount of cork before a new one is formed, deeper inside the phloem, initiating the formation of a rhytidome. The rhytidome starts at 43–88 years of age, depending on sun exposure (Mogensen, 1968). Before rhytidome formation, the external bark has a soft and spongy nature given by the phellem but becomes rough and hard to the touch after the formation of the rhytidome. The cork layers do not form a complete circumference around the stem and crack due to diameter growth, and the outer layers may wear away (Mogensen, 1968).

Within the cork, there are periodic rows of cells with thick and sclerified outer tangential walls that mark the separation between the growth increments which, in young stems, can be correlated with the age of the stem. The other cork cells are thin-walled and usually slightly elongated radially.

Utilizations in Perspective

The use of this species as a raw material for cork products seems possible since the initial phellogen remains functional for a long period and produces a large quantity of cork. However, little is known on the structure, chemical composition, and properties of this cork, and research is needed to evaluate its potential utilization.

Abies concolor

Abies concolor (white fir) is a gymnosperm that occurs throughout much of the mountainous western North America and, more scattered, in Mexico (Farjon, 2013). The trees are in general 12–15 m high and are exploited for lumber (Gilman and Watson, 2014). The bark in mature trees may be 10–15 cm thick at the stem base and is deeply furrowed, hard, and resistant to fire.

The outerbark contains salmon-colored corky layers interspersed with areas of dark red phloem; cork represents from 25 to 55%, depending on age and location on the stem (Hergert, 1958). Only a few studies were performed in the 50s of last century on white fir bark and on its cork fraction that was separated from air-dried pulverized bark by suspending in 60–85°C water and skimming off the cork particles (Hergert and Kurth, 1953; Hergert, 1958).

The chemical analyses of cork gave the following composition: 26% extractives removed with methylethylketone:water and water, 18.8% hydroxy fatty acids; 26.7% polyphenolic acids, 4.7% low-molecular-weight phenols mainly ferulic acid, 8.2% polysaccharides (mainly cellulose, with glucose amounting to 58% of the neutral monosaccharides), and 15.6% lignin (Hergert, 1958). It should be noted that these results were obtained with a chemical protocol that markedly differs to the more recent summative chemical analysis.

Utilizations in Perspective

The potential commercial value of the cork fraction of white fir bark was recognized early (Hergert, 1958). However, the knowledge is very scarce, and further research should be carried out to characterize this cork and its potential application value.

CONCLUDING REMARKS

This review shows that there are some species with a high content of cork in their barks which should be scrutinized, given the importance of cork as a raw material. The species with cork-containing barks may be classified as those with only one periderm and a continuous cork layer, e.g., Q. suber, Q. variabilis, and the cerrado species K. coriacea and P. reticulata, and those who form a rhytidome, therefore with cork layers interspersed with phloem, e.g., P. menziesii and Q. cerris.

The present cork industrial chain is based on the sustainable exploitation of cork from Q. suber, a species for which a dedicated silviculture and management have been fine-tuned along the centuries allowing a sustainable exploitation of the raw material; in succession, the cork industry has developed with sound and innovative technologies, and the body of knowledge on cork and the cork oak science is very large.

The cork from Q. suber is presently the only raw material that has the characteristics necessary for production of solid cork products, e.g., of wine natural cork stoppers, and for which the trituration and production of cork agglomerates are complementary production lines.

A new cork raw material has been brought recently to the market, the Chinese cork from Q. variabilis. Presently used only in triturated form, this raw material appears to have an interesting place given the already large amounts that are harvested as well as the existing forest potential, now still far from an adequate cork-targeted management. Research is under away, and it is foreseeable that in a few years the body of knowledge on this cork will increase substantially.

The valuable properties of cork, as benchmarked by the Q. suber cork, require an adequate combination of structural and cellular features with the chemical composition. This is met by the corks of several species, e.g., K. coriacea, P. reticulata, and Q. cerris, that despite species specificities regarding cell biometry and chemistry, have characteristics that allow forecasting “corkish” properties and uses. It is clear that knowledge on the raw material and on the species has to be gathered before any utilization attempts. This knowledge is scarce for most of the cases, with the exception of Q. cerris cork that has been recently under study and for which a pilot scale test has demonstrated the feasibility of cork separation and use.

The specific cellular characteristics may hinder or limit the use of cork as a cellular material. This is the case of B. pendula cork mainly due to cell biometry, and of P. menziesii due to the large proportion of heavily corrugated or collapsed cells. The use of such corks as a chemical source is, therefore, a promising valorization route. In fact, the extractives are a chemical component group that is receiving a lot of attention in research and development in various fields, including biomedical and health care. Also suberin, the main structural component of cork cell walls, is a macromolecule with an unusual composition of long-chain fatty acids with different functional groups, e.g., hydroxyl, epoxide, and unsaturation, that is species specific and a potential source of chemical intermediates.

The available information gathered in this review on different species with cork-containing barks clearly shows that knowledge is still very limited or inexistent. Research on such barks, namely, regarding their structural and chemical characteristics, is, therefore, a first step toward their prospective valorization.
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