CHAPTER

Composition and
Structure of

Wood Cells

As a building material, wood is one of the simplest, most easily used products; it can be
cut and shaped with ease and fastened readily. At the same time, wood is one of our most
complex materials. It is made up of tiny cells, each of which has a precise structure of
tiny openings, membranes, and intricately layered walls. The ease with which wood is

- converted to a product and maintained depends upon practical knowledge of its struc-

ture. The cellular nature of wood was introduced in Chapters 1 and 2. In this chapter
the molecular composition of wood cells is discussed.

Chemical Components

Wood is composed principally of carbon, hydrogen, and oxygen. Table 3.1 details the
chemical composition of a typical North American wood and shows carbon to be the

dominant element on a weight basis. In addition, wood contains inorganic compounds.

that remain after high-temperature combustion in the presence of abundant oxygen;
such residues are known as ash. Ash is traceable to the occurrence of incombustible com-
pounds containing elements such as calcium, potassium, magnesium, manganese, and
silicon. The fact that domestic woods have a very low ash content, particularly a low sil-
ica content, is important from the standpoint of utilization; woods having a silica con-
tent of greater than about 0.3 percent {on a dry weight basis) dull cutting tools exces-
sively. Silica contents exceeding 0.5 percent are relatively common in tropical hardwoods
and in some species may exceed 2 percent by weight.

The elemental constituents of wood are combined into a number of organic poly-
mers (from Greek, poly plus metros, meaning “many parts”) (Brown 1997): cellulose,
hemicellulose, and lignin. Table 3.2 shows the approximate percentage of dry weight of
each in hardwood and softwood. Cellulose, perhaps the most important component of
wood, constitutes slightly less than one-half the weight of both hardwoods and soft-
woods. The proportion of lignin and hemicellulose varies widely among species and be-
tween the hardwood and softwood groups.
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"TABLE 3.1. Elemental composition of wood.

Element % dry weight

Carbon 49
Hydrogen 6
Oxygen 44
Nitrogen 0.1
Ash 0.2-0.57

*Ag high as 3.0-3.5 in some tropical species.
Source: Fengel and Wegner {1984).

TABLE 3.2. Organic constituents of wood.

Type Cellulose Hemicellulose Lignin

% dry weight
Hardwood 4044 15-35 18-25
Softwood 40-44 20-32 25-35

Source: Kollmann and Caté (1968), 57, 65.

Note: Pectins and starch commonly compose approximately 6% of the dry weight.

Cellulose

Photosyntbesis is the process by which water and carbon dioxide are combined in the
Jeaves of green plants, employing the energy from sunlight to form glucose and other
simple sugars, with oxygen as a by-product (Fig. 3.1). Following its formation, glucose
may be converted to starch, or to other sugars such as glucose 6-phosphate or fructose
6-phosphate and then to sucrose (CqyH,5011) {Kozlowski and Pallardy 1997). Sucrose
and other sugars are then transported in the form of sap to processing centers located at
branch tips (apical meristems) and through the inner bark to meristems at the root 6ips
and to the cambial region that sheaths the main bole, branches, and roots. Upon reach-
ing the cytoplasm of individual cells in these various regions, sucrose is hydrolyzed (com-
bined with water) to form glucose and fructose (both CgHy,04). As indicated in Chapter

1, trees use these sugars to make leaves, wood, and bark.

Cellulose is synthesized within living cells from a glucose-based sugar nucleotide. A
nudleotide is a compound derived from combining a sugar with a phosphate group and
2 base that is a constituent of RNA or DNA. Complex and separate mechanisms are
thought to control initiation of cellulose-chain formation, chain elongation, and termi-
nation of the synthesis process (Peng at al. 2002). The net effect of these processes is that
glucose molecules are joined together end to end, with elimination of a water molecule
for each chemical linkage formed between neighboring units. The ensuing linear long-
chain polymer, cellulose (CgIT10Os)n, has a degree of polymerization, 7, which may be
as large as 10,000. The structural relationship between glucose and cellulose is formally
depicted in Figure 3.2. Hemicelluloses are synthesized in a sequence similar to that out-
lined above, but they start from a different nucleotide. It is important to note that fruc-
tose may convert to glucose for use in synthesis of cellulose, or to mannose, or to other

sugars used in making hemicellulose or other compounds.

Chapter 3 Composition and Structure of Wood Cells 49

FIGURE 3.1. 'The process of photosynthesis.
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FIGURE 3.2A.  Glucose to cellulose.

FIGURE 3.2B. Stereo view of a portion of cellulose molecule. (Drawing by Charles Frazier, using

ChambridgeSoft, Chem3D, v. 4.0.)
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Hemicellulose

Although glucose is the primary sugar produced in the process of photosynthesis, it is
not the only one. Other six-carbon sugars, such as galactose and rmannose and,five—
carbon sugars, such as xylose and arabinose, are also manufactured in the lez:vas These
and other sugar derivatives such as glucuronic acid, along with giucose, are used.Within
developing cells in synthesizing lower molecular weight polysaccharidc’s called bemicel-
tuloses. Most of the hemicelluloses are branched-chain polymers, in contrast to the
straight-chain polymer cellulose, and generally are made up of sugar units numberin
only in the hundreds (that is, the degrees of polymerization are in the hundreds rathe%
than thousands or tens of thousands).

Lignin
Lignin is a complex and high molecular weight polymer built upon phenylpropane units
(Fig. 3.3). Although composed of carbon, hydrogen, and oxygen, lignin is not a carbo-
hydrate nor even related to this class of compound. It is, instead, essentially phenolic in
nature. Lignin is quite stable and difficult to isolate and OCCUrs, Moreover, in a variet
of forms; because of this, the exact configuration of lignin within wood remains uncer}-’
tain. One view is that lignin consists of a group of aromatic polymers, predominant
glycolignin—an ordered polymer made up of muldples of a rer;veating uilif consistin OTF
18 phenylpropane units (Forss and Fremer 2003). ¢
Lignin occurs between individual cells and within the cell walls. Between cells, it
serves as a binding agent to hold the cells together. Within cell walls lignin is ve il',lti—
mlately associated with celiulose and the hemicelluloses, and it gives ,rigidity to tl]?é cell
I__,1gnin is also credited with reducing dimensional change with moisture content fluctua:
tion and has been said to add to wood’s toxicity, thus making it resistant to decay and
insect attack. The rigidity provided by lignin is an important determinant of wood Yro -
erties. Recollection of the very soft nature of cotton (almost pure cellulose) and thert):onli
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FIGURE 3.3, Building blocks of lignin.
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pliant nature of seaweed (which has very little lignin) are indications of how nonrigid
wood would be without a stiffening ingredient.

In its native form, lignin is only very lightly colored. However, even the mildest
treatments available for removing lignin from wood cause appreciable degradation of its
structure, resulting in a deepening of its color. Thus, chemical pulps (see Chapter 17)
that contain residual lignin require considerable bleaching to make them white in color.
Becanse the pulping process used in making newsprint involves mechanical separation
of fibers and not lignin removal, only a light brown color develops, which is readily re-
moved by chemical bleaching. However, when the lignin present in newsprint 1 exposed
to ait, particularly in the presence of sunlight, the resulting lignin derivatives tend to be-
come yellow or brown with age; a small part of yellowing with age is also traceable to
the hemicelluloses. Because of the lignin in mechanical pulp, newsprint has a notoricusly
short longevity due to its high lignin content; it is also coarse, bulky, and of low strength
because the fibers are difficult to bond to one another because of their inherent stiffness.

Cell Wall

Recall that a tree is sheathed by a thin cambial layer, which is composed of cells capa-

ble of repeated division. New cells produced to the inside of this sheath become new -
wood, and those moved to the outside become part of the bark. In this section, the chem-

ical configuration of woody cell walls is examined, as are steps in the development of
new cells.

Chemical Structure

A newly formed wood cell is encased in a thin, membranelike and pectin-rich wall called
a primary wall, and the cell is filled with fluid. Pectins are complex colloidal substances
of high molecular weight that, upon hydrolysis, usually yield galacturonic acid and small
amounts of arabinose and galactose. The precise structure of pectin is not completely un-
derstood. In a process that may take several days to several weeks to complete, the cell
enlarges and the cell wall gradually thickens as biopolymers produced within the cells
are progressively added to the inside (lumen side) of the wall (Fig. 3.4). Eventually, the
protoplasm that fills the cell is lost and the cell has a thickened wall, consisting of pri-
mary and secondary wall layers, and a hollow center {Fig. 3.4d). Successive arrange-
ments of biopolymer assemblies are responsible for the gradual thickening of a cell wall.
But what are these biopolymers? They are the three distinct types of macromolecule de-
scribed earlier: cellulose, hemicellulose, and lignin.

The buildup of biopolymers on the inner surfaces of the cell wall is not haphazard;
it occurs in a very precise fashion. Cellulose, for example, is not incorporated into the
cell wall as individual molecules but rather as intricately arranged clusters of molecules.
The long-chain cellulose molecules are synthesized from anhydroglucose (actually
glucose attached to a mmononucleotide) in many specific locations at the inner surface of
the cell wall itself. As these chains lengthen, they aggregate laterally in a well-defined
way with their immediate neighbors, which are also growing, to form crystalline do-
mains in a unit cell configuration (Fig. 3.5). The cellulose crystal lattice is held together
by intermolecular and dipolar interactions primarily in the form of hydrogen bonds; this
arrangement is so stable that the individual chains cannot be dissolved in common sol-
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FIGURE 3.4, Stages in devclopment of a wood cell. Lon-
gltludm.al cells in cross section: (a} new cell has only ultra-
thin primary wall (P); (b,c) cell enlarges and then wall thick-
ens as secondary wall (5) forms to inside of primary wall;
{d) wall continues to thicken with buildup of deposits. ’

FIGURE 3.5.  Unit cell configuration of cellulose. Source: Woodcock (1979).
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Jane et al. 1970). These findings led to the conclusion that cellulose bundles are covered
or sheathed in strongly adsorbed chains of sugars other than glucose (such as hemicellu-
lose). Research also points to crystalline (highly ordered) and amorphous {less ordered)
regions within microfibrils, with individual cellulose molecules running through several
crystalline and amorphous regions (Kollmann and Coté 1968; Tsuchikawa and Siesler
2006).

Because of the difficulty of isolating cellulose that is part of a heavily lignified
woody cell wall, researchers have focused on cells that can be more easily studied. One
such kind of cell is that of the green algae, valonia, that has unlignified cell walls in
which cellulose is organized into microfibrils. Other work has been done with the bac-
terium Acetobacter xylinwm and the primary walls of tobacco leaf epidermal cells.
Findings have been correlated with measured sizes of wood microfibrils to develop mod-
els of the cellulose structure in wood.

Fujita and Harada (1981} described cellulose microfibrils in a very straightforward
manner, describing them as consisting of a “core crystalline region of cellulose sur-
rounded by the paracrystalline [less highly ordered] cellulose and short chain hemicellu-
lose.” Ruben et al. (1989) proposed a more specific structure based on their studies of
tobacco leaf cells and A. xylinum. Their work indicates that the extent of each crystalline
domain is confined to just nive cellulose chains, which together may be viewed as a
subelementary fibril 18A in width. Three such subelementary fibrils are wound in a left-
handed triple-helical fashion around one another to form an elementary fibril that is
37A wide. These elementary fibrils then aggregate into microfibrillar bundles with some
assistance from hydrogen bonding in which hemicellulose plays a role. A proposed
model of the arrangement of elementary fibrils (Fig. 3.6) shows crystalline and amor-
phous regions and variations in spacing between clementary fibrils in hardwoods and
softwoods.

Later work led to the observation that electron micrograph analyses of microfibrils
of valonia showed cellulose to be highly crystalline; furthermore, there did not appear
to be any subunits in these microfibrils corresponding to elementary or subelementary
fibrils (Fujita and Harada 1991). There is some speculation that the triple-stranded
structures typify microfibrils in the primary cell wall, whereas microfibrils in the second-
ary cell wall are highly crystalline arrays of straight cellulose chains (Ruben et al. 1989).
There is also now strong evidence that each microfibril in 2 woody cell wall is composed
of thirty-six glucan chains (Dellmer and Armor 1995). In any case, it is clear that long-
chain cellulose molecules are arranged within the cell wall in a rather precise fashion and
are combined into larger structures, the microfibrils.

What, then, of the hemicellulose and lignin? The hemicelluloses, probably some-
what selectively, interact through hydrogen bonding with the cellulose and have been im-
plicated in the aggregation of elementary fibrils into microfibrils. Hemicelluloses, as
noted earlier, ate known to sheath the microfibrillar bundles. Moreover, the hemiceliu-
loses are chemically linked to lignin macromolecules and thus fulfill a particularly im-
portant function in maintaining cohesion between the architectural building materials of
the wood cell wall. The way in which lignin is incorporated into the cell wall represents
another area of disagreement among scientists. The longstanding view is that lignin is
deposited between microfibrils during and after the wall thickening process. Another
view (Goring 1977) is that lignin is placed in a lamellar configuration between the mi-
crofibrils (Fig. 3.7): it appears to occupy its allocated space in the form of undulating
two-dimensional sheets with thicknesses of 16-20A. Although the precise nature of
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lignin continues to elude rescarchers, it is known that the aromatic rings tend to li

all_cl to one another within the wood cell wall. Yet neither lignin nor its chemical Slcp:r_
atives have ever been coaxed into a crystalline form from solution, whereas cellul N(i
many of the hemicelluloses crystallize quite readily. ’ o
filanfgnstgmmary, thf? secondary layer of the wood cel! wall can be viewed as a laminated
o T;ll]ry composite. The (I:ellulosc molecules provide the structurally reinforcing net-
e I:m “Shn:;s:ir:h ZT::;]ded 1111 ljl matrix composed also of hemicelluloses and lamellar
Lo partly bound to one anotl_ler through chemical bonds. There is,

ever, more to the story, and the part to come is no less important.

Layering

'fl;ilj p;lﬁnary. wall, descri.bcd previ_ously as being pectin rich, later becomes heavily ligni-
- The primary wall is also reinforced with a more-or-less random network of mi-

crofibrils. This random a i
brils. rrangement contrasts with the very organiz icrofibri
tern in the secondary walil. v orsanized microfibrl pat
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FIGURE 3.8. Layering of a mature cell

wall.
Primary wall (P)
z
o
}_
(o LULOSE PROTOFIBRILS Adapled from Coté (1
& ™ %%%qoeo ON THEIR RADIAL aplctirom Cots 1297
o FACES
o
(]
s :
T ™ LIGNIN-HEMICELLULOSE f Abe et al. (1995, 1997) and Abe and Funada (2005), the orientation of microfibrils in
MATRIX 3 the S-1 layer of conifers shifts gradually in a clockwise direction from an S-helix (>90°)
to a Z-helix {<90°} from the ocuter to the inner layer in the -1 layer. In the S-2 layer the
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layer. In the 5-3 layer the microfibril orientation again gradually shifts clockwise from a
Z-helix to an S-helix at the innermost surface. An example of microfibril orientation is
provided by radiata pine; in this species microfibril angles in the $-1, $-2, and S-3 layers
have been measured at 79-113 degrees, 1-59 degrees, and 50-113 degrees, respectively
{Donaldson and Xu 2005},
' It is known that a high microfibril angle significantly affects both strength and di-
_ rectional shrinkage properties of wood, thus creating concerns about the presence of ju-
_ ; venile wood in lumber and other structural and nonstructural wood products.
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FIGURE 3.7. Ultrastructural arrangement of lignin and polysaccharides in wood cell wall.
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scientific tools that allow measurement and imaging of extremely small structures laid
the foundation for a new field of scientific inquiry and development known as nanotech-
nology. Most carly work in this area has focused on carbon and the use of carbon ran-
otubes (perfectly straight tubules with diameters of nanometer size, and propetties close
to that of an ideal graphite fiber) for applications ranging from microelectrodes in elec-
trochemical reactions to mechanical reinforcement of a range of products {Ajayan and
7hou 2001). For purposes of reference, a nanometer is one billionth of a meter, and a
sheet of paper is about 100,000 nanometers thick.

Now, scientists are beginning to look at wood and the possibility of working at the
nanoscale to create new, lighter, stronger, more absorptive products. A commentary about
cellulose nanofibrils {cellulose molecules and microfibrils) as compared to carbon nan-
otubes included the observation that “cellulose nanofibrils exhibit a modulus roughly
one-quarter to one-fifth that of carbon nanotubes, yet they are produced naturally with-
out the need for energy consuming, high-temperature processing.” (Atalla et al. 2006).

The potential gains from application of nanotechnology to wood science are large.
If scientists were, for example, able to understand the intricate mechanisms that control
formation of cellulose, hemicellulose, microfibrils, and lignin within the cytoplasm of de-
veloping cells under the guidance of genetic encoding, that might enable them to develop
new materials that self-assemble from molecular building blocks. O, it might be possi-
ble to insert nonwood materials with some precision into the cellular structure of wood
for the purpose of developing or enhancing specific properties, of (o create molecular
scale holes or punctures in cell walls to enhance wood densification, wood chemical
modification, and surface adhesion (Moon et al. 2006, Atalla et al. 2006). Considerable

research into nanotechnology applications in wood science is likely in coming years.

Cell Wall Sculpturing

Wood cells that function primarily in the storage and conduction of food materials are
known as parenchyma. These cells typically form thin sccondary walls and are the last
heartwood formation. Other kinds of cells, in contrast,

to remain functional prior to
these often form thick

serve principally as avenues of fluid conduction in the living tree;
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A. Simple B. Bordered C. Half-bordered
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FIGURE 3.11. Simple pitting in adjoining FIGURE 3.12. Bgrdered pitting in softwood
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wa
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lamella and
primary wall

From Mark (1967)

FIGURE 3.14. Profile of various types of pit pairs.

Forintek Canada Corp., Vancouver, B.C)

In softwoods, the pit membrane between two bordered pits differs from that sepa-
rating a simple or half-bordered pit pair. In the latter two kinds, the pectin-rich and
microfibril-reinforced primary wall remains unmodified within the pit zone. The com-
mon primary walls separating two softwood bordered pits are, however, changed con-
siderably as pits are formed.

Bordered pit formation apparently begins prior to the start of $-1 layer formation
with the development of a ring of cellulose on the primary wall. This ring defines the
outer boundary of the pit. Then, as secondary wall formation commences, the pit tnem-
brane undergoes modification. The membrane center becomes thickened through accu-
mulation of densely packed and sometimes circularly arranged microfibrils. This thick-
ening is called the zorus. The area surrounding the torus is named the margo, and it too
becomes different from the normal primary wall. A net of radially arranged microfibrils
may form over the existing primary wall, connecting the torus to the pit exterior. At
about the same time, the pectin-rich matrix of the compound middle lamella enzymati-
cally decomposes, leaving a more or less open network (Fig. 3.15). In at least one species,
Ginko biloba, torus thickening of the pit membrane is the first step in bordered pit for-
mation, occurring during the process of radial expansion of the longitudinal tracheid
{Dute 1994). Finally, secondary wall thickening is completed through successive devel-

opment of microfibrillar layers, thus forming the arch or conically shaped wall structure
(Wardrop 1964).

{Scanning eleciren micrograph by Josefina Gonzalez,

FIGURE 3.13. Bordered pitting in Jongitudinal cracheids. Radial/transversc view of Sitka spruce
(Picea sitchensis). *x400.

ductive cells, is shown in highly magnified profile viewf in F%gure 3.. 14B. 1'1;1 t[X; ;’:‘:gz;;
) h the primary wall, forming a pit cavity.
ondary walls are seen to overarc _ ing 1 pit coviLy B e
i i ils of adjacent cells form a pit membrane. WI
B e P eomuen i h cell usnally forms simple and bordered
hyma) and conductive cells are in COntE.lCt, eac _
;it); re)spectively. The resulting pit pair is termed balf-bordered {Fig. 3.14C).

Bordered pits are structurally similar in hardwood and softwood species except that
the membranes are quite different. Membranes of all Ppit combinations in hardwoods are

 similar to those characterizing simple and half-bordered pit pairs in softwoods. Hence,
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(Scanning electron micrograph by Crist and Teclavy)

FIGURE 3.15. Bordered pit membrane. Red pine (Pirs resinosa). X3400.

no torus develops and there is no dissolution of portions of the primary wall. In such an
unmodified wall, it has been reported that no openings are visible, even at magnifica-
‘ tions of X 100,000 {Kollmann and Cété 1968, 31). In comparison, filtration experiments
with sofewood bordered pit membranes have shown openings approximating 0.2 pm in

{ ’ size in the reinforced microfibril network (Liese 1954}
; It has long been conjectured that pit regions substantially reduce fiber strength, a
‘ notion that is not generally substantiated by scientific observation (Mark 1967, 47).
i | Bailey (1958) noted that bordered pits, which characterize stem-strengthening and fluid-
o conducting cells, appear to be configured to provide the maximum exposure of thin,
l' ‘ readily penetrable wall area, with only minimal reduction in secondary wall reinforce-
‘ ment. Microfibril buildup around pit areas may also help to reduce the effect of pits

upon wall strength.

‘ The pits dotting the cell wall cause local variation in the normal §-1, $-2, and $-3
}' microfibril orientation discussed earlier. Sedighi-Gilani et al. (2006) used confocal laser
‘. ' scanning microscopy to study microfibril angles in spruce, showing clear evidence of mi-
| crofibril angle disruption around large bordered pits on radial cell walls of earlywood,
' but little disruption on tangential cell walls and in cell walls of latewood. Figure 3.16 il-
lustrates how microfibrils curve around the pit regions {Mark 1967, 13; Anagnost et al.
2002).

Spiral Thickening. In some woods, formation of the S-3 layer is followed by development
of spirally arranged ridges of microfibril bundles on the lumen side of the secondary wall.
Such ridges are distinctly separate from the S-3 layer, as evidenced by the fact that they
are relatively casily detached from it (Wardrop 1964), and they only rarely parallel the §-
3 microfibril orientation. These ridges are termed spiraf thickenings (Fig. 3.17}.

Spiral thickenings occur in cells of relatively few softwoods and thus, when present,
are a valuable clue to a wood’s identity. In hardwoods, spiral thickening is relatively

FIGURE 3.17.
X830.

Review

colrlrunoln. Altlr_loug_h helically arranged thickenings may form throughout the length of a
cell, this feature in other cells may be restricted to only the tips or center portions.

?ecause location of thickenings is often consistent within a given species of wood, this
actor can also be of diagnostic significance. J

A. Terms to define or explain:
1. Carbohydrate

2. Micron
3. Nanometer
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Spiral thickening in Jongitudinal tracheids. Douglas-fir {Pseudotsuga menziesii).
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4. Crystallites

5. Parenchyma
6. Torus
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. Microfibril Bailey, LY. 1_958. The structure of tracheids in relation to the movement of liquids, suspensions
and undissolved gases. In The Physiology of Forest Trees. LV, Thimann, ed. New Yorkj
Ronald Press, pp. 71-82. T ’

7. Simple pit
8. Bordered pit . Elementary fibril

9. Spiral thickening- . Subelementary fibril
10. Primary wall . Polymerization Brown, W.H. 1997, Introduction to Organic Chemistry. Philadelphia: Saunders College Publishi
11. Secondary wall 3 113. g Shing,
E Coté, WA, Jr 1967. Wood Ultrastructure—An Atlas of Electron Mi h : Uni
E Washington Press. crographs. Seattle: Univ. of
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Forss, K.; and Fremer, K. 2003. T i ieni i
S ADPT Press. he Narure and Reactions of Lignin—A New Paradigm. Atlanta:
: Fujita, M.; and Harada, H. 1991. Ultr :
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3 e mistry. D.N.-S. Hong, and N. Shiraishi, eds. New York: Marcel Dekker, pp.
Goring, D.AL. 1977, A speculative picture of the delignificati
. . . . a1 - cat . :
. Assuming that water molecules could gain access to sites between m1cr0f1br11_s in . and Technology. ACS Symposium Series, 48, pp. 2g73_za7;?n process. In Cellulose Chemistry
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function of the S-1.and S-3 layers of the cell wall? 3 Jane, EW,; Wilson, K.; and White, D.J.B. 1970. The Struct
1 Charles Black, p. 170. ¢ Structure of Wood. London: Adam and
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connect different types of cells?
5. What are pit membsanes? What is the nature of such membranes?

. Food for thought:
1. Knowing the orientation of microfibri
the effect on cell dimensions if these microfibrils were somehow to move more

closely together?

fibrils associated with the cessation




