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Forests, covering about 30% of the earth’s land area, are a major component in the global
ecosystem, influencing the carbon cycle, climate change, habitat protection, clean water
supplies, and sustainable economies (FAO 2011). Globally, the vast cellulosic resource
found in forests provides about half of all major industrial raw materials for renewable
energy, chemical feedstock, and biocomposites (Winandy et al. 2008). Although forests
and forest products have been used since the dawn of time, exciting new opportunities are
emerging for sustainably meeting global energy needs and simultaneously creating new
high-value biobased products from forests.

This chapter is organized into three sections, discussing new products and applications,
all of which go beyond traditional solid wood products. The first section of this chapter
focuses on forest productderived nanomaterials and provides a brief description of tech-
nologies and applications of nanotechnology for forest-based products. The second sec-
tion explores research and development trends in wood—plastic composites (WPCs). These
products will increasingly penetrate the construction and value-added wood product
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markets in the form of siding, fencing, bridge decking, foundation isolation elements,
laminate flooring, residential furniture, utility poles, railroad ties, and exterior and inte-
rior molding and millwork. The third section covers chemicals derived from wood. It sum-
marizes methods that use distinctive extraction processes that are attractive for new and
higher value products and processes such as solvent extraction used to obtain phytosterols
and hot water extraction used to obtain arabinogalactans. Books have been written about
each of these categories; so in this chapter, we provide a general foundation of knowledge
for the reader.

6.1 Nanoproducts

Less than two decades ago, the first reports of cellulose nanocomposites came out
of France (Favier et al. 1995a,b), so the field is fairly new and there is still much to be
learned, and great potential for the development of new materials with unique proper-
ties imparted with the aid of nanotechnology. The use of nanocellulose has been tar-
geted for a number of unique effects, including reinforcement, barrier properties, and
stimulus sensitivity.

Nanoparticles, with at least one dimension in the range of 1-100 nm, are materials that
have been found to exhibit interesting physical and mechanical properties compared
to coarse particles of the same composition (Wegner and Jones 2005). In the last few
decades, many industrial and technological sectors have begun researching or adopting
nanotechnology. In the forest products industry, nanotechnology is manifested in one of
the two forms: nanomaterials derived from forest products or nanotechnology incorpo-
rated into traditional forest-based products. The focus of this section will be primarily on
forest product—derived nanomaterials, but first a brief description of technologies and
applications of nanotechnology into forest-based products is provided.

6.1.1 Incorporation of Nanotechnology into Forest Products

Nanoparticles are currently being added to wood-based products, primarily to enhance
durability. Products are currently available on the market that employ nanoparticles to
enhance ultraviolet (UV) resistance, scratch resistance, water repellency, fire retardancy,
and microbial decay resistance. These nanoparticles are typically composed of inorganic
materials, such as metals or clay. Nanoclays can add fire retardancy and barrier proper-
ties to materials, while metal nanoparticles are known best as antimicrobial agents. While
the methods of incorporating these nanomaterials into products are varied and typically
proprietary, they are often applied as thin exterior coatings.

6.1.2 Nanocellulose Introduction

As trees and plants are broken down into nanometer-scale fibers and particles (nanocellu-
lose), the resulting materials begin to exhibit unique and interesting properties, which are
resulting in new applications and industries in the twenty-first century. Some of the more
unique properties of various nanocelluloses include remarkable strength, liquid crystal
behavior in solution, transparency when cast as a film, low thermal expansion, capacity to
absorb water, and piezoelectric and electroactive behavior.
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Although commercial application of nanocellulose is currently in its infancy, applications
are varied, covering many industries. Some applications include food additives (Turbak
et al. 1982, 1983; Innami and Fukui 1987), medical and pharmaceutical applications
(Innami and Fukui 1987, Padkko et al. 2008; Mathew and Oksman 2011), paper applica-
tions (Taipale et al. 2010; Klemm et al. 2011), automobile parts (Oksman et al. 2006), sub-
strates for flexible displays (Nakagaito et al. 2010), electronic actuators (Olsson et al. 2010),
battery membranes (Nystrom et al. 2009), separation membranes (Paakko et al. 2008), bar-
rier membranes (Paralikar et al. 2008), paints and coatings (Hoeger et al. 2011; Syverud
2011), and many more. Klemm et al. (2011) provide a good narrative of potential applica-
tions and list numerous nonpatents that have been filed.

In recent years, nanoscale cellulosic materials have received a great deal of attention
because of their physical and mechanical properties and because of the abundance and
renewability of sources of cellulose in forests and agricultural crops. Although numer-
ous thorough reviews of cellulose nanomaterials have been recently compiled (Lima
and Borsali 2004; Azizi Samir et al. 2005; Berglund 2005; Kamel 2007, Hubbe et al. 2008;
Toelovich 2008; Eichhorn et al. 2010; Habibi et al. 2010; Sir6 and Plackett 2010; Klemm et al.
2011; Moon et al. 2011; Peng et al. 2011), this section provides an introduction to the proper-
ties and potential applications of nanocellulose.

6.1.3 Nanocellulose Types, Sources, and Preparation Methods

Generally, nanocellulose is considered to be of three different types: cellulose nanocrystals
(CNCs) (Figure 6.1), nanofibrillated cellulose (Figure 6.2), and microbial cellulose. CNCs
consist of discrete, highly crystalline, rodlike cellulose particles, whereas nanofibrillated
cellulose consists of more amorphous, high-aspect-ratio fiber networks. Microbial cellu-
lose is excreted from bacteria (Berglund 2005) and has many similar properties to nanofi-
brillated cellulose. The source and production method both influence the size range and
properties of the nanocellulose.

FIGURE 6.1
Transmission electron microscopy image of CNCs from wood. (From Moon, RJ. et al., Chem. Soc. Rev.,
40, 3941, 2011.)
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FIGURE 6.2
Cellulose nanofibers prepared by TEMPO-mediated oxidation of eucalyptus pulp.

Sources for nanocellulose include forests, plants, animals, and microbes, all of which
yield somewhat different sizes and types of nanocellulose (Beck-Candanedo et al. 2005).
The plant source material for producing nanocellulose is quite varied and includes hard-
wood (Fukuzumi et al. 2009; Saito et al. 2009; Stelte and Sanadi 2009; Zhu et al. 2011)
and softwood (Nakagaito and Yano 2004; Zimmerman et al. 2004; Henriksson et al. 2007;
Padkko et al. 2007; Stelte and Sanadi 2009; Syverud and Stenius 2009) pulps, potatoes
(Dufresne et al. 2000), sugar beet (Azizi Samir et al. 2004), pea hulls (Chen et al. 2009), sisal
(Moran et al. 2008), wheat straw (Alemdar and Sain 2008a,b), and banana crop residues
(Zuluaga et al. 2007). Most reported studies on nanocellulose production used material
processed as nearly pure cellulose (Andresen et al. 2006; Bondeson et al. 2006; Henriksson
et al. 2007), such as bleached wood fibers. However, some work has been done on the prep-
aration of nanocellulose from pulps containing significant amounts of lignin and hemicel-
luloses (Okita et al. 2009).

CNCs are typically produced by the acid hydrolysis of native crystalline cellulose using
hydrochloric, sulfuric, or phosphoric acid. Reports of cellulose crystals from acid hydro-
lysis date back to work done in the middle of the twentieth century (Battista 1950; Ranby
1951). Processes for producing stable colloidal solutions of crystalline cellulose by hydroly-
sis with sulfuric acid were later patented (Battista and Smith 1962; Battista 1975). The yield
of nanocrystals from natural plant fibers is found to be about 30% (Bondeson et al. 2006).

Nanofibrillated cellulose production generally requires some method of mechanical
refining of coarse cellulose fibers, and various chemical and enzymatic pretreatments
have been explored to aid in the refinement of cellulose fibers. Mechanical actions through
shearing or grinding have been used to produce nanocellulose (Nakagaito and Yano 2004;
Andresen et al. 2006; Iwamoto et al. 2007; Alemdar and Sain 2008a).

The method was initially demonstrated through homogenization (Herrick et al. 1983;
Turbak et al. 1983). Although cellulose nanofibers (CNFs) were successfully produced
using a homogenizer, other mechanical methods, such as stone grinding and disk refin-
ing, have also been found to be useful for producing nanofibrillated cellulose (Iwamoto
et al. 2007; Okahisa et al. 2009). The purely mechanical method is extremely energy inten-
sive, with the energy consumption as high as 20,000-30,000 kWh/ton (Sir6 and Plackett
2010). Because the high energy consumption of early techniques was cost prohibitive,
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research and development of nanofibrillated cellulose was slow to develop (Sir6 and
Plackett 2010; Klemm et al. 2011). Recent advances in pretreatments and chemical meth-
ods for producing CNFs have reduced the energy requirements by more than an order of
magnitude with energy consumption as low as 500 KWh/ton (Ankerfors and Lindstrém
2007, 2009).

6.1.4 Properties and Potential Applications of Nanocellulose
and Cellulose Nanocomposites

The crystalline portion of cellulose has been characterized as having excellent mechani-
cal properties. Researchers have both calculated and measured the strength and stiffness
of cellulose building blocks to be quite high, making them potentially suitable for vari-
ous applications, including composite reinforcement (Sakurada et al. 1962; Eichhorn et al.
2001; Azizi Samir et al. 2005; Lahiji et al. 2010; Moon et al. 2011; Postek et al. 2011). Moon
et al. (2011) provide an excellent summary of the calculated and experimentally measured
moduli of cellulose. A variety of other interesting properties of nanocellulose have been
observed. For example, the crystalline portion of cellulose is reported to be piezoelectric
and/or electroactive, making nanocellulose potentially suitable for actuators or smart
devices (Fukada 2000; Kim and Yun 2006; Yun et al. 2008; Wegner and Jones 2009).

The suspensions of CNCs exhibit birefringence from the anisotropy of the crystals in
solution either from their self-ordering at higher concentrations or from induced ordering
(Revol et al. 1992; Revol and Marchessault 1993; Dong et al. 1996; Lima et al. 2003; Azizi
Samir et al. 2005; Kimura et al. 2005; Beck-Candanedo et al. 2006; Teters et al. 2007). CNCs
also align in the presence of an electric field (Lima et al. 2003; Teters et al. 2007). Such order-
ing properties of CNCs have potential applications in electronics and display devices.

CNF suspensions exhibit gel-like behavior at even low concentrations (Turbak et al. 1983;
Paakko et al. 2007), and they are known to have shear thinning properties (Klemm et al.
2011). Such rheological properties make CNFs potentially suitable for thickening of foods
and as additives in other industrial processes.

Natural fibers have been used extensively as reinforcement for composite materials, and
because of their remarkable mechanical properties, nanocellulosic materials are expected
to serve as excellent reinforcements. Nanofibrillated cellulose films tend to be transpar-
ent or at least translucent, have good mechanical properties, and are often used a starting
point for making composites. Dewatering CNF solutions presents a practical challenge,
but CNFs have been commonly cast or filtered into films and evaluated for their proper-
ties. These films have been coined “nanopaper” and have been touted as the “strongest
cellulose-based material made by man” (Ankerfors and Lindstrém 2007). A survey of the
literature reveals reported tensile strengths of nanofibrillated cellulose films ranging from
about 70 MPa to over 300 MPa and tensile moduli ranging from about 3 GPa to nearly
20 GPa. The transparency and flexibility, along with low thermal expansion, of CNF films
make them suitable for flexible displays and electronics.

6.1.5 Outlook

Different types of nanocellulose have distinctive properties, so the applications for the
various forms are likely to be different. CNCs certainly have some interesting properties
and potential for applications such as security printing, scratch-resistant coatings, or lig-
uid crystals. While CNCs from the sea animal have provided good reinforcement for poly-
mer composites, the results have not been as widely successful with CNCs from plants,
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especially wood. However, some promising success has been achieved using CNCs from
plants such as ramie. Even so, most of the success of reinforcing polymers with CNCs uses
solvent evaporation techniques that are not commercially viable. Given that tunicate (and
even ramie) are not extremely abundant, it seems the widespread commercial adoption of
CNCs as a polymer reinforcement is not likely. Perhaps some breakthrough research or
technology will emerge that will change this perspective, but it seems that nanofibrillated
cellulose is more likely than CNCs to act as a polymer reinforcement.

CNFs are somewhat analogous to pulp fibers used for producing paper products in that
they exhibit entangled networks and can be formed into sheets using similar processes.
Agglomeration of nanofibers does not seem to be as worrisome as for CNCs, and the sheets
made from CNFs are much less brittle than CNCs and handle similar to paper made from
coarse pulp fibers. Strength and other properties of CNF suspensions, sheets, and compos-
ites have led to adoption of CNFs in a variety of applications including rheology modifi-
cation, paint emulsification, polymer reinforcement, coatings, and packaging. Therefore,
CNFs are expected by many to prove as a useful material in a broad range of applications
and markets in the future.

In the long term, nanotechnology is expected to add significant improvements in the per-
formance and functionality of materials, including forest-based products. Nanomaterials
are expected to dramatically enhance both mechanical and barrier properties of papers,
packaging composites, and numerous other wood-derived materials. Furthermore, func-
tionalized and tailored nanomaterials are expected to result in stimuli-sensitive products
that will offer specific sensing capabilities, including the ability to detect contaminants
and food spoilage. The unique properties of wood and other plants refined to the nano-
meter scale are expected to result in a new generation of renewable, forest-based products,
including electronics and composites.

6.2 Trends in Wood-Plastic Composites

The term of WPCs is broad and encompasses the incorporation of wood and/or other
lignocellulosic materials into thermoplastics. In the past decade, WPCs have become a
widely recognized commercial product in construction, automotive, furniture, and other
consumer applications. Commercialization of WPCs in North America has been primar-
ily due to penetration into the construction industry. Current WPC applications include
decking, railing, window and door lineals, roofing, picnic tables and benches, fencing,
landscape timbers, patios, gazebos, pergolas, auto parts, and playground equipment
(Smith and Wolcott 2006). The automotive industry in Europe has been a leader in using
WPCs for interior panel parts and is leading the way in developing furniture applications.
Manufacturers in Asia are targeting the furniture industry, in addition to interior con-
struction and decorative applications.

Inorganic materials (e.g., glass, clays, and minerals) are used as reinforcements or fillers
in the majority of reinforced or filled thermoplastics. Wood and other lignocellulosic mate-
rials offer some advantages over inorganic materials: they are lighter, much less abrasive,
and renewable. Wood also may reinforce the thermoplastic by stiffening and strengthen-
ing and can improve thermal stability of the product compared with that of unfilled mate-
rial. In typical WPCs, wood content is less than 60% by weight.
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The manufacture of WPCs is usually a two-step process. The raw materials are first
mixed together, and the composite blend is then formed into a product. The most common
types of product-forming methods for WPCs involve forcing molten material through a
die (sheet or profile extrusion) or into a cold mold (injection molding), and pressing in cal-
enders (calendering) or between mold halves (thermoforming and compression molding).

Most WPCs in North America are formed using profile extrusion. Products such as
decking, railings, and window profiles readily lend themselves to extrusion through a 2D
die. Injection-molded applications such as consumer household goods and furniture parts
are gaining importance. Thermoforming or compression molding is the forming method
of choice for the automotive industry.

6.2.1 New Materials

Thermoplastics selected for WPCs traditionally have melt temperatures below 200°C (392°F)
to maintain processing temperatures below the degradation point of the wood component.
Higher processing temperatures can result in the release of volatiles, discoloration, odor,
and embrittlement of the wood component. Thermoplastics commonly used in WPCs
include polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC). However,
new manufacturing strategies allow for the use of engineering thermoplastics with melt-
ing temperatures higher than 230°C (446°F) such as polyethylene terephthalate (PET),
polyamide (PA, nylon), and acrylonitrile butadiene styrene (ABS) (Gardner et al. 2008).
The use of engineering thermoplastics for WPCs will grow as new applications requiring
superior mechanical and thermal properties are introduced.

A driving force in the development of many new materials is to decrease our use of
petroleum. Because the most common plastics used in WPCs, PE, and PP are typically
derived from petroleum, there is growing interest in replacing the common WPC ther-
moplastics with bioplastics. Bioplastics, that is, plastics derived from renewable biomass,
may also be biodegradable. Biodegradable bioplastics include polylactic acid (PLA) and
starch acetate; nonbiodegradable bioplastics include cellulose acetate and bioderived PE
and polyamide (Lampinen 2009). PLA has received the most attention from researchers as
it is widely available commercially. Bioplastics will be particularly important in automo-
tive and packaging applications.

The wood and/or lignocellulosics material used in WPCs can be derived from a variety
of sources. Geographical location often dictates the material choice. In North America,
wood is the most common raw material; in Europe, natural fibers such as jute, hemp, and
kenaf are preferred, while rice hull flour and bamboo fiber are typical in Asia. The wood
is incorporated as either fiber bundles with low aspect ratio (wood flour) or as single fibers
with higher aspect ratio (wood fiber). Wood flour is processed commercially, often from
postindustrial materials such as planer shavings, chips, and sawdust. Wood and lignocel-
lulosic fibers are available from virgin and recycled sources. New lignocellulosic sources
include paper mill sludge and biorefinery residues. Because wood and lignocellulosic
fibers can lead to superior WPC properties by acting more as a reinforcement than a filler,
in applications requiring additional strength, a trend is to move toward the use of wood
and other lignocellulosic fibers.

The adaptation of nanotechnology in WPCs includes the use of nanofibers derived from
wood and other lignocellulosics as a reinforcement for plastics. These new composites are
termed cellulose nanocomposites. Cellulose nanocomposites are rapidly expected to open
new markets in medicine, packaging, electronics, automotive, construction, and other



Downloaded by [Ronald Sabo] at 09:50 09 January 2014

136 The Global Forest Sector

sectors (Oksman et al. 2009). The emergence of nontraditional forest products markets is
particularly exciting.

Other materials can be added to affect processing and product performance of WPCs.
These additives can improve bonding between the thermoplastic and wood components
(e.g., coupling agents), product performance (talc, impact modifiers, UV light stabilizers,
and flame retardants), and ability to be processed (lubricants). Additives for WPCs are con-
tinually evolving, but nanotechnology will drive changes in additive technology as the use
of nanomaterials in small amounts in WPCs improves performance. The incorporation of
nanomaterials into WPCs is still in its infancy and in the research stage but includes the use
of carbon nanotubes (Faruk and Matuana 2008a; Jin and Matuana 2010), nanoclays (Faruk
and Matuana 2008b; Hetzer and DeKee 2008), and nanosized titanium dioxide (Stark and
Matuana 2009). It is expected that as nano-WPC technology becomes better understood,
the use of these and other nanomaterials in WPCs will experience tremendous growth.

6.2.2 New WPC Manufacturing Techniques

Improvements in and changes to manufacturing methods will help pave the way for the
next generation of WPCs. New processes under development include coextrusion, foaming
during extrusion, and in-line coating technologies. Coextrusion consists of the extrusion
of multiple materials through a single die simultaneously. The most common application
in WPCs is coextrusion of an opaque, unfilled plastic cap layer over a WPC core. This
process became popular for fencing and is quickly becoming the manufacturing method
of choice for decking. The unfilled cap layer enhances durability by improving moisture
resistance. In addition, coextrusion allows manufacturers to concentrate expensive addi-
tives such as biocides, fungicides, and photostabilizers in the cap layer. Coextrusion is also
being evaluated as a method to extrude a clear plastic cap layer over a WPC core (Stark
and Matuana 2009; Matuana et al. 2011). This method allows for a more natural appearance
while still providing enhanced moisture resistance and concentrated stabilization. Others
are evaluating coextrusion as a method to extrude an all WPC profile with different addi-
tives in different layers as needed (Yao and Wu 2010).

Growth is also expected in the production of foamed WPCs. Creating a microcellular
foamed structure in WPCs not only results in weight reduction but also improves impact
resistance and allows for better surface definition and sharper contours (Faruk et al. 2007).
Chemical and physical foaming agents are typically used to foam WPCs. Chemical foam-
ing agents decompose at processing temperatures into gases, while physical foaming
agents liberate gases as a result of evaporation or desorption at elevated temperatures.
A new trend in foaming is to meter and dissolve inert gases in the polymer melt dur-
ing processing. This is termed extrusion foaming when done during extrusion (Diaz and
Matuana 2009) or gas-assist injection molding if done during injection molding. Another
option is to use moisture in the wood to foam WPCs (Gardner et al. 2008).

Applying a coating to WPCs post processing but before they are made available to the
consumer is a growing trend to provide increased durability and enhanced aesthetics.
Coatings can include latex paints, polyurethanes, or acrylics. However, surface
treatments are required to attain adequate adhesion between the WPC and the coating.
Treatments that have been found effective include oxygen plasma, flame, chromic acid,
and benzophenone/UYV irradiation (Gupta and Laborie 2008). Another treatment being
commercialized uses fluorooxidation to modify the surface of WPCs for improved coat-
ing adhesion. The advantage of this process is that the rapid chemistry allows for in-
line processing. Fluorooxidation also modifies only the outer few molecular layers so
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embossed patterns are unaffected (Williams and Bauman 2007). New coatings being
evaluated include UV-curable coatings and powder coating. Advantages of a UV-curable
coating include virtually unlimited color choice and gloss level; long-term resistance to
fading; increased scratch, stain, and mar resistance; and prevention of mold and mildew
growth (Burton 2008).

6.2.3 Emerging Applications

Continued research and development will allow each new application to penetrate new
global markets. For example, in North America, traditional wood applications that will see
increased pressure from emerging technologies include siding, fencing, bridge decking,
foundation isolation elements, marine structure (chocks, wales, and pier decking), lami-
nate flooring, residential furniture (bathroom/kitchen cabinets and patio furniture), util-
ity poles, railroad ties, and exterior and interior molding and millwork (Crespell and Vidal
2008). Emerging markets are expected as injection molding becomes more common for
WPCs, including applications such as cosmetics packaging and toys. Markets in injection-
molded automotive application are poised to grow in Europe and include parts such as
glove boxes, fixing hooks, sound systems, and fan boxes (Carus et al. 2008).

Growth is also expected as improvements to WPCs allow them to be used as structural
members. There are various methods being investigated to improve the strength, stiffness,
and creep performance of WPCs. Cross-linking the PE polymer matrix in WPCs using
silanes in a reactive extrusion process can improve toughness, reduce creep, and improve
durability (Bengtsson et al. 2006, 2007). Combining WPCs with other non-WPC materi-
als is also a trend that will allow for more structural composites. Currently, some WPC
manufacturers in China are extruding WPCs over solid metal or solid wood. This allows
for structural members in applications such as pergolas and gazebos to have WPC surfaces
that match the nonstructural members.

6.3 Wood Chemicals

Although there are hundreds of species of trees, the chemical makeup is quite consistent
and falls into two broad groups. Softwood trees, also called evergreens or technically coni-
fers, contain 25%-35% lignin, 40%-50% cellulose, and 10%—20% hemicellulose (Figure 6.3).

Hardwoods or deciduous trees contain 15%-25% lignin and 15%-30% hemicellulose.
The cellulose content of hardwoods is about 45%-50%. Woods contain a group of small
molecules often referred to as extractives. For softwoods, these include volatile chemicals
classed as turpentine, fats and fatty acids, resin acids, steroids, and several groups of phe-
nolic compounds. Softwood extractives range from as little as 2% up to as much as 10% of
dry wood mass. Hardwood extractives are generally limited to fats and phenols with no
or very little turpentine and resin acids. There are exceptions with some tropical species
containing as much or more resin than softwoods, but this is not common.

Cellulose is a linear polymer of glucose sugars. The degree of polymerization is about
100,000 monomers and the cellulose regions are of sufficient uniformity and purity that
they form highly ordered (crystalline) regions that are very resistant to chemicals and
biological degradation. Hemicellulose consists of three polymeric groups of mixed sugars:
xylan in which the dominant sugar is xylose, mannans with the dominant sugar being
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FIGURE 6.3
Typical composition of softwood and hardwood tree species.

mannose, and arabinogalactans where the dominant sugar is galactose (Timell 1957, 1967;
McGinnis and Shafizadeh 1980; Pettersen 1984). Xylans contain glucuronic acid as a sec-
ondary sugar acid in hardwoods and also contain some arabinose in softwoods. Mannan
contains glucose as a secondary sugar in hardwoods and also contains some galactose
in softwoods. Arabinogalactan is generally found at low levels in softwoods—about 2%
with the exception being larch where it can be 10%-20% of wood mass. Lignin is a cross-
linked phenolic polymer that helps to bind the carbohydrate polymers in the tree into a
rigid composite structure. Although composed of just one (softwoods) or two (hardwoods)
monomers, the bonding pattern is varied resulting in a mixture of reactive and chemically
resistant bonds that produces a wide mixture of oligomers and very few pure and useful
chemicals when lignin is chemically depolymerized.

Just as wood was the primary construction material and the primary fuel for prein-
dustrial societies, it was also a primary source of organic chemicals. Many early paints
and wood finishes were wood derived using a specific group of wood resins that did not
remain sticky and did not crystallize. Initially, amber, the fossilized resin of a number of
extinct softwoods, was used as the carrier or binder in paints. Later, other wood extrudents
including damar (Dipterocarpaceae spp.), copals (Hymenaea spp.), and kauri (Agathis austra-
lis) were also used for this purpose. Shellac and tung oil are tree-derived wood finishes
still commonly used today. Many fragrances including frankincense, myrrh, sandalwood,
and vanillin (Hocking 1997) and some adhesives including Canada balsam and latex are
obtained from trees. Some medications were also originally found in trees including qui-
nine (Cinchona spp.), salicylic acid (aspirin) from Betula and Salix spp., and Taxol (Pacific
yew) as examples. Tannins from oaks and other wood species were critical for tanning
leather, a process used for over 5000 years.

A huge historical use of wood chemicals was and still is Naval stores, so named because
pine pitch (pine tar) was critical for waterproofing the hulls and rigging of wooden sailing
ships (Zinkel and Russell 1989). Pitch is specifically mentioned in Genesis when describ-
ing the construction of Noah’s ark and was an item of international commerce during the
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FIGURE 6.4
Gum harvesting for naval stores.

Greek and Roman eras. There are a number of methods for collecting and processing pine
tar, but large industries (for the times) developed around bleeding resin from pine trees
by cutting off strips of bark (Figure 6.4) and recovering resin from pine trees by heating
the wood and stumps. The Scandinavian countries became major suppliers for much in
Europe, and the British colonies in the Carolinas and Georgia and Florida became the
major suppliers for England before the Revolutionary War. Slash pine was the preferred
species for pine pitch and is named after the process of cutting the trunk to collect pitch.
Wood also provided two of the earliest postindustrial textile fabrics (rayon and acetate),
early barrier and clear films (cellophane and cellulose nitrate), and smokeless powder (cel-
lulose nitrate).

Obviously, developments in petroleum, chemical industries, and new synthetic poly-
mers have replaced many of these historic uses for wood chemicals, but the naval stores
business continues using turpentine, resin acids, and fatty acids recovered from pulping
processes, as well as remnants of the traditional recovery processes using steaming and
destructive distillation of pine stumps. Fatty acids are still used to make soap, detergents,
and other surfactants. Resin acids are also used for soaps and are modified to improve the
properties of paints and varnishes.

Although many of the traditional uses of wood-based chemicals are declining, markets,
pharmaceutical, nutraceutical, and specialty chemical product applications are expand-
ing. The litany of known chemicals available in wood extractives and in waste liquor from
wood pulping is well beyond the scope of this chapter, with books devoted to the topic
(Rowe 1989). There are a number of high-value target compounds that cannot be readily
prepared from starting materials found in petroleum. The problem for the forest products
and chemical industries has always been the large numbers of similar compounds found
in the wood and the high cost of separation processes needed to isolate the more valuable
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of these compounds. It is said in the various commercial sectors of the industry that “we
can make anything out of lignin or black liquor except money.” As industry moves into
other chemical treatment methods, in particular, the biorefinery for fuels and commodity
chemicals, the desire to capitalize on other wood chemicals remains high. New markets
for wood chemicals are focusing on methods to collect target chemicals without producing
a myriad of other compounds that lower yields and increase isolation costs.

The remainder of this section discusses the production of higher-value chemicals in a
biorefinery producing wood sugars and current processes and research to obtain higher-
value chemicals from the unused parts of the tree. The discussion focuses on phytostanols
for nutraceutical use, xylitol as a low-calorie sugar substitute, and hemicelluloses includ-
ing current use of arabinogalactans and research on new uses for xylans. There are also
intense efforts to derive higher value from lignin (Zakzeski et al. 2010), bark (Pietarinen
et al. 2006; Liimatainen et al. 2012), and knots (Pietarinen et al. 2006).

6.3.1 Biorefinery

Biorefinery as we understand it today is geared toward replacing petroleum-based fuels
or commodity chemicals. There are two broad methods for converting wood in most
modern concepts of biorefinery: hydrolysis to sugars (Mosier et al. 2005; Wyman et al.
2005) and partial combustion to produce pyrolysis oil or producer gas. Pyrolysis oil is
a very complex mixture, and research today is directed at improving its characteristics
to serve directly as a fuel oil or transportation fuel. Research on producer gas (synthesis
gas) is focused on Fischer-Tropsch conversion to fuel oil (Anderson et al. 1952), synthetic
natural gas (methane), or other stable, high-energy density liquid fuels (Tijmensen 2000).
These processes are not well suited to provide high-value chemicals. On the other hand,
fermentation methods are capable of producing more complex types of chemicals with
higher value. Potential products include alcohols, such as ethanol, propanol, or butanol;
diols, such as ethylene, propylene, or butylene diol; polyhydroxyalkanoates; and lactic
acid (Hajny 1981; Werpy and Petersen 2004). During World War II, the US Government
constructed a dilute acid wood hydrolysis plant with the intention of fermenting the
sugars to ethanol for conversion into butadiene for synthetic rubber (Katzen and Schell
2006). Currently, there are industrial-scale processes producing lactic acid (Sreekumar
and Thomas 2008), 1,3-propanediol (Kurian 2005), and polyhydroxyalkanoates (Poirier
et al. 1995; Sreekumar and Thomas 2008). In all of these cases, the source of sugar is a
sugar or starch crop but these are product options for biorefineries using wood as a raw
material as well.

6.3.2 Phytosterols

The phytosterols are a group of over a dozen compounds of which sitosterol and campes-
terol are the most prevalent (Conner 1989). They can be a significant component of crude
tall oil, the mixture of fatty acids, resin acids, and sterols that survive the pulping process
and can be recovered from the soluble waste products. The sterols present a problem in
that they are an impurity that reduces both the yield and value of the resin and fatty acids.
Traditionally, crude tall oil is processed by distillation to collect a relatively pure fatty acid
fraction, a relatively pure resin acid fraction, and a mixture in the still bottoms referred to
as tall oil pitch (Conner 1989). Sterols can end up as contaminants in both the lower and
higher boiling fractions (Holmbom and Era 1978; Traitler and Kratzl 1980; Smith 1989). The
tall oil pitch fraction is typically 15%—25% of the crude tall oil and the phytosterols can be
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as much as 25% of the tall oil pitch (Steiner and Fritz 1959; Holmbom and Era 1978). Again,
they dilute the value of this fraction and discolor the product.

Several companies developed processes to remove the sterols before distillation, gener-
ally involving either solvent extraction or chemical derivitization followed by extraction
(Conner 1989; Rouskova et al. 2011). A second method developed later is able to distill the
steroids from the tall oil mixture by adding sodium hydroxide to raise the pH and con-
vert the fatty and resin acids to less volatile salts. By 1980, Oy Kaukas AB in Finland was
marketing the tall oil steroids as emulsifiers and viscosity modifiers for use in cosmetics.
The ability of phytosterols to inhibit production of serum cholesterol was first reported by
Pollak (1953). Sitosterol itself or the esters are used as a food additive to help people lower
their cholesterol (Lichtenstein and Deckelbaum 2001; Maki et al. 2001). In addition, lower
amounts of other steroids—sitostanol (also called stigmastanol) and campestanol—are
available from crude tall oil (Murzin et al. 2007), and these are also used as food additives
to inhibit the formation of cholesterol in humans.

These products have considerable market presence today as food-based sterols that
help lower serum cholesterol. The Benecol® line of products originating from the Raisio
Group in Finland includes margarine, yogurts, cream cheese, and bread, and the Becel
brand of margarine (Promise—Smart Balance® Heart Right™) is produced by Unilever. As
wood-based chemicals, they represent a new by-product with high value. The phytoster-
ols also have use as starting chemicals for producing other steroid-based drugs including
Rogaine®.

6.3.3 Xylitol

Xylitol is a low-calorie sweetener marketed by Danisko and now several other compa-
nies. Xylose, one of the five common sugars in wood (glucose, mannose, galactose, xylose,
and arabinose), differs from glucose primarily in that it has just five carbons in the sugar
molecule where glucose contains six carbons. Common table sugar produced from sugar
cane is usually sucrose, a dimer containing one molecule of glucose and one molecule of
a similar six-carbon sugar, fructose. Xylose is about twice the sweetness of sucrose (Robyt
1998) and is poorly adsorbed and metabolized by humans. It is not as chemically stable as
glucose and sucrose and was not commonly marketed as a sugar substitute. A reduced
form called xylitol is regarded as equally sweet as sucrose, stable, and has been used as a
sugar substitute in Europe for many years. Xylitol penetration in the US market has been
slower, possibly because it is toxic to dogs. Xylan is quite prominent in hardwoods, typi-
cally 20% or more of the dry wood mass.

Sugar is a relatively low-price commodity food product and this sets a price standard
for low-calorie substitutes. Direct wood extraction of xylose has not been a suitable pro-
cess primarily because of yield and cost. However, this option may work well in new
wood-processing concepts, as the xylose is readily removed in the pretreatment processes
needed to prepare the cellulose for enzyme hydrolysis. Xylan degrades in the kraft pulp-
ing process and is not available from this source. A less common pulping process uses acid
to neutral pulping conditions with sulfurous acid or sodium sulfite as the active pulping
chemical. Xylose is more stable under these conditions (Bryce 1980) and sulfite waste prod-
uct or pulping liquor is a common source of xylose for xylitol (Heikkila et al. 2005). The
waste pulping liquor from hardwoods is obviously better than the liquor from softwoods.
A single sulfite mill can supply 100 T of xylose per day as a valued product. As this mar-
ket grows, Danisko and competitors may need to look for other sources. Biorefineries are
clearly good candidates.
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Xylitol represents a modest value use of a wood chemical. The higher concentration in
sulfite waste liquors is fortuitous in that this process does not have a good chemical recov-
ery process making the waste product less valuable as process fuel. There are also high
concentrations of xylan in corn stover, and this option is equally valid for biorefinery con-
cepts based on agricultural residuals, as it is for wood.

6.3.4 Hemicellulose

Xylitol is a sugar monomer produced from a hemicellulose, but two of the hemicel-
lulose polymers have interesting product applications as polymers and oligomers.
Arabinogalactan is a branched chain polymer of galactose monomers with short branches
of one or two monomers of galactose or arabinose (Timell 1967). Galactose is a six-carbon
sugar-like glucose, but the configuration of atoms around carbon 1 and carbon 4 are differ-
ent. These seemingly minor changes make the sugar difficult for humans to digest and for
microorganisms to ferment. It is not prevalent in most tree species, with Pettersen report-
ing 0.5%-2.7% arabinose and 1.0%—4.7% galactose in 19 North American softwood species.
Because both arabinose and galactose are incorporated into other hemicellulose polymers
in softwoods, the sugar analysis is not definitive of the polymer but does cap the maximum
levels. Clearly, it cannot exceed about 7%, which Pettersen (1984) reported for Douglas fir.
Missing from Pettersen’s review is western larch (Larix occidentalis), which has an unusu-
ally high level of arabinogalactans, generally reported as between 8% and 17%. This is the
commercial source of arabinogalactan (Schorger and Smith 1916; Wise and Peterson 1930;
White 1941). Unique to arabinogalactan and somewhat to larch, the hemicelluloses can be
extracted with water providing a relatively pure polymeric product (Schorger and Smith
1916; White 1941). Arabinogalactan extracted from larch has been an item of commerce
for decades, formerly sold under the trade name Stractan by the St. Regis Paper Company
and now sold by Lonza under various application specific trade names: ResistAid™ as an
antioxidant food additive, LaraFeed™ as an animal nutrition supplement, and LaraCare™
as a cosmetic ingredient.

As stated in the section on xylitol, glucuronoxylan is the most abundant hemicellulose
polymer in hardwoods. The polymer and monomer are of interest as by-products of bio-
refinery, dissolving pulp, and cellulose nanomaterial production processes. The xylan
polymers are not really a product of commerce yet, but there is considerable interest in
developing uses for this carbohydrate. Xylose is a less valuable sugar in sugar-based bio-
refinery applications where it is typically removed in the pretreatment and is hard to fer-
ment using traditional organisms (Lee and McCaskey 1983). It is an impurity that must be
removed for production of chemical dissolving pulp (Richter 1955; Simmonds et al. 1955;
Bernardin 1958) and also is an impurity in the concentrated acid hydrolysis process used
to isolate CNCs (Ranby 1952; Bondeson et al. 2006). It is expected that the polymer xylan
and monomer sugar xylose are about to become either a valuable by-product or a costly
waste product as cellulose-based biorefinery becomes a commercial reality. The current
research interest is to find valuable uses.

Polymeric xylan is readily extracted from hardwoods, nearly intact, using 10% sodium
hydroxide (Booker and Schuerch 1958; Sixta et al. 2011). This is an expensive process and
will require a high-value use, but the residual wood can be used for dissolving pulp or
other wood pulp applications (Lyytikdinen et al. 2011). The Finnish-sponsored BioRefine
program is evaluating options to integrate this as a pretreatment into kraft pulping where
the alkaline extraction liquor can be recovered after separating out the xylan and then
used in the pulping process (Sixta et al. 2011).
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In addition to xylitol discussed earlier, potential markets for xylan polymers include viscos-
ity modifiers, cosmetics, and dietary fiber, similar to the arabinogalactans. Research groups
are also working on modifying the polymer to produce clear barrier films (Grondahl et al.
2004; Sixta et al. 2011; Escalante et al. 2012). As a packaging film, xylans are renewable and
compostable, making them a green alternative for existing petroleum-based polymer films.

6.4 Conclusion

Renewable, recyclable, and compostable products sourced from trees have great potential
as low ecological impact products and part of a new sustainable way of life. Wood is a green
renewable material that has been accepted mostly as the structural members of choice
for residential constructions. However, the potential for an array of wood-based building
materials for application in sustainable buildings, both residential and commercial, has
not been fully realized. With the incorporation of nanoscale science and engineering into
wood-based building materials, new generations of multifunctional, high-performance,
ultralow maintenance, and durable building materials and components can be achieved.
Globally, the vast lignocellulosic and other wood chemical resources provide about half
of all major industrial raw materials for renewable energy, chemical feedstock, and bio-
composites. Conversion of woody biomass to biofuels is technically feasible, but this con-
version process is marginally economical with the current technology and price of crude
petroleum. An integrated utilization of biomass is needed to overcome economic short-
comings by optimizing biomass use and value for a wider array of products.
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