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FOREWORD

The ACS Sympostum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvANCES
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. As a further
means of saving time, the papers are not edited or reviewed
except by the symposium chairman, who becomes editor of
the book. Papers published in the ACS Symposium SERIES
are original contributions not published elsewhere in whole or
major part and include repor.s of research as well as reviews
since symposia may embrace both types of presentation.
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PREFACE

The role of chemistry in the forest products industries has always been

secondary to mechanical influences. Most chemical effort has been
expended in the pulp and paper sector to the virtual neglect of solid
wood and board products even though the latter comprise 60% of the
volume.

As pointed out in a recent National Research Council report (“Re-
newable Resources for Industrial Materials,” National Academy of Sci-
ences, Washington, D.C., 1976, 267 pp.), renewable resources are a
great and underused national resource whose substitutability for dwin-
dling coal and petroleum resources can reduce U.S. dependence on
foreign energy and materials sources. Wood is our most abundant renew-
able resource and has substantial advantages, particularly from the
standpoint of energy requirements, over alternative materials.

It was in this context that the symposium presented here was
planned. The intent is to summarize the chemical aspects of solid wood
technology, provide this background in a useful reference volume, and
hopefully to stimulate additional chemical activity in this area. Most of
the papers presented are reviews, but a few current research reports
have been included to indicate the pioneering work being done.

The book opens with a paper on the structure and composition of
wood to define the material under discussion and then considers molds,
permeability, wood preservation, thermal deterioration and fire retard-
ance, dimensional stability, adhesion, reconstituted wood boards such as
fiberboard and particleboard, plywood, laminated beams, wood finishes,
wood—polymer composites, and wood softening and forming. A final
paper treats the common theme of wastewater management. Only one
of the papers presented at the meeting is not included in this volume,
and its subject of conventional wood preservation methods is adequately
treated in detail elsewhere (e.g., Nicholas, D. D., Ed., “Wood Deteriora-
tion and Its Prevention by Preservative Treatments,” 2 vols., Syracuse
University Press, 1973).

As is inevitable with so many topics and so many authors, there is
great diversity in style, depth, and quantitative or qualitative degree of
treatment. There might be more than a reader would want to know
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about a particular subject and not enough about another. However, I
hope that in toto this collection of papers by knowledgeable individuals
will to some extent meet the symposium objectives.

Raleigh, N.C. IrvING S. GOLDSTEIN
January 3, 1977
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Wood: Structure and Chemical Composition

R. J. THOMAS

Department of Wood and Paper Science, North Carolina State University,
Raleigh, N.C. 27607

Within living trees, wood is produced to perform the roles
of support, conduction and storage. The support role enables the
tree stem to remain erect despite the heights to which a tree
grows. Because of these heights, wood also must perform the role
of conduction, that is, transport water from the ground to the
upper parts of the tree. Finally, food is stored in certain parts
of the wood until required by the living tree. The wood cells
which perform the role of conduction and/or support make up 60 to
90 percent of the wood volume. Within the living tree these cells
are dead, that is, the cytoplasm is absent leaving a hollow cell
with rigid walls. The only living cells within the wood portion
of a tree are the food-storing cells. The close relationship be-
tween '"form and function'' simplifies the study of wood anatomy if
the role of the cells in the living tree is kept constantly in
view.

Gross Anatomical Features

The end view of a log (Figure 1) exposes the wood and bark
portion of a tree trunk. Each year a growing center located be-
tween the wood and bark inserts a new layer of wood adjacent to
the existing wood. In addition, new bark is deposited next to
the pre-existing bark. Wood occupies the largest volume of a
tree stem because more wood cells are produced than bark cells
and also because the wood cells are retained and thus accumulate
while the outermost bark cells are continually discarded.

The central wood portion of the log depicted in Figure 1 is
considerably darker in color than the part adjacent to the bark.
The dark-colored wood is termed heartwood and the light-colored
wood is termed sapwood. The discoloration is due to the produc-
tion and secretion of substances which are a by-product of the
death of food-storage cells. As new wood, that is sapwood, is
formed to the outside of the tree stem, additional interior sap-
wood adjacent to the heartwood zone is converted to heartwood.
Some trees do not form discolored heartwood upon the death of
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Figure 1. End view o{ a log showing both the wood and bark.

Note the small total volume occupied by the bark. The central,

dark portion of the wood is heartwood, and the outer ring of
light colored wood is sapwood.

Figure 2. End view of a softwood showing growth rin%ls.

Each growth ring consists of a light and dark area. The

light portion is called springwood or earlywood, and the
dark area is termed summerwood or latewood. 15X
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1. THOMAS Wood: Structure and Chemical Composition 3

food-storage cells, thus recognition of heartwood based on color
is not always possible. It should be apparent that the vast ma-
jority of cells which constitute the wood portion of a living
tree are dead. The sapwood zone contains the only living cells
found in mature wood and they constitute, depending upon species,
from 10 to 40 percent of the sapwood volume. As heartwood is
formed these living, food-storage cells die, thus the heartwood
contains only dead cells.

Trees are classified into two major groups termed softwoods
(gymnosperms) and hardwoods (angiosperms). The botanical basis
for classification is whether or not the tree seed is naked as in
softwoods or covered as in hardwoods. A more familiar classifi-
cation, which with some exceptions is valid, is based on the re-
tention of leaves by softwoods or the shedding of leaves by hard-
woods. Thus the softwoods are often referred to as evergreen
trees and hardwood as deciduous trees. The major difference with
regard to wood anatomy is the presence of vessels in hardwoods.
Vessels are structures composed of cells created exclusively for
the conduction of water. Softwoods lack vessels but have cells
termed longitudinal tracheids which perform a dual role of con-
duction and support.

The terms softwood and hardwood are not to be taken as a
measure of hardness since some hardwoods are softer than many
softwoods. For the commercially important domestic woods, the
average specific gravity for softwoods is .41 with a range of .29
to .60. Hardwoods average .50 and vary from .32 to .81.

Growth rings, or annual increments, as seen on the end of a
softwood log are depicted in Figure 2. Growth rings are detecta-
ble due to differences in the wood produced early and late in the
growing season. The wood produced early, called earlywood or
springwood, is considerably lighter in color than the wood termed
latewood or summerwood which is produced late in the growing
season. The color difference is due primarily to the different
kinds of cells produced either early or late in the growing sea-
son. Figure 3 depicts three growth rings and part of a fourth.
Note that at this low magnification you can detect the individual
cells which constitute the springwood area; however, the summer-
wood zone appears merely as a dark zone. At a higher magnifica-
tion, as shown in Figure L4, individual cells of both springwood
and summerwood are evident. The springwood cells have a large
cross-sectional area with thin walls and a large, open center.
The large, open center, called the lumen, permits efficient con-
duction of water. The summerwood cells have a smaller cross-
sectional area, thicker walls and a smaller lumen than springwood
cells. Obviously, this type of cell provides substantia! support
for the tree stem but is not as efficient as springwood cells in
conduction. In some softwood species the gradation between
springwood and summerwood is gradual and fewer summerwood cells
are produced. When this occurs, it is often difficult to distin-
guish growth increments as this type of wood possesses a more

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch001

Figure 3. Softwood block showing
three complete and part of two other
growth rings in the cross-sectional plane
(X). Individual springwood cells can be
detected, whereas the smaller summer-
wood cells cannot be seen as individual
cells. Also note the absence of vessels
and the uniformity of the wood. Two
longitudinal surfaces (R—radial; T—
tangential) are illustrated. Food-storing
cells can be easily detected on the radial
surface (arrow). 47X (Courtesy of N. C.
Brown Center for Ultrastructural Stud-
ies, S.U.N.Y. College of Environmental
Science and Forestry)
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Figure 4. Cross-sectional view of springwood and sum-
merwood cells. The springwood cells are larger and char-
acterized by thin cell walls and a large central opening.
The smaller cells with thick cell walls and a small central
opening are summerwood cells. The narrow ribbon-like
rows of cells traversing both the springwood and sum-
merwood zones (arrow) are called rays. They consist of
transversely oriented food-storage cells. 135X
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1. THOMAS Wood: Structure and Chemical Composition 5

uniform structure.

As indicated earlier, hardwoods are characterized by the
presence of vessels or pores. Vessels are cells which occupy a
large cross-sectional area and can in most species be detected
with the unaided eye. The wood of hardwood trees is classified
as either ring~porous or diffuse-porous depending upon the ar-
rangement of the vessels. In a typical ring-porous wood, as il-
lustrated in Figure 5, the vessels formed in the springwood are
considerably larger than those formed in the summerwood. Figure
6 reveals a diffuse-porous wood in which the vessels are essen-
tially the same size throughout the growth ring. As a result, in
many diffuse-porous woods it is difficult to distinguish growth
rings. A comparison of Figures 3, 5 and 6 will reveal the major
difference between hardwood and softwood anatomy. Note the lack
of vessels and the relatively uniform appearance of the softwood
in Figure 3, compared to the hardwoods depicted in Figures 5 and

Wood rays are found in all species of wood and consist of
ribbon-1ike aggregations of food-storing cells extending in the
transverse direction from the bark toward the center of the tree.
In the cross-sectional view, rays take the form of lines of vary-
ing width running at right angles to the growth rings (Figures 3,
4, 5 and 6).

Softwood Anatomy

The anatomy of softwoods will be described first because it
is less complex than hardwoods. The two main cell types which
constitute softwoods are tracheids, which conduct and support,
and parenchyma which store food. These two cell types can be
further classified as to their orientation, that is longitudinal
or transverse. Cells oriented in the longitudinal direction have
the long axis of the cell oriented parallel to the vertical axis
of the tree trunk whereas transversely oriented cells have their
long axis at right angles to the vertical axis of the tree stem.
A greatly simplified model of softwood anatomy can be made by
gluing together a group of soda straws along their length and
dispersing throughout this group matches, laid end to end with
the long axis of the matches oriented at right angles to the long
axis of the soda straws. The soda straws represent the longitu-
dinally oriented tracheids which occupy about 90% of the volume
whereas the matches represent transversely oriented parenchyma
cells occupying about 10% of the volume. The transversely ori-
ented parenchyma are the cells which constitute wood rays. As
the matches in the model are considerably shorter than the soda
straws, so parenchyma cells are considerably shorter than longi-
tudinal tracheids.

Since longitudinal tracheids constitute about 90% of the
volume and are therefore largely responsible for the resulting
physical and chemical properties of softwoods, a detailed

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch001

Figure 5. Cross-sectional and
longitudinal surfaces of a ring-
porous hardwood. In the cross-
sectional view (X) the largest
diameter cells are springwood
vessels whereas the smaller cells
with obvious openings are sum-
merwood vessels. Smaller di-
ameter, thick-walled fibers con-
stitute most of the remaining
volume. Transversely oriented
food-storing cells can be seen on
the radial surface (arrow). 40X
(Courtesy of N. C. Brown Cen-
ter for Ultrastructural Studies,
S.U.N.Y. College of Environ-
mental Science and Forestry)

Figure 6. Cross-sectional and
longitudinal views of a diffuse-
porous wood. Note in cross sec-
tion that the vessels, the large
diameter cells, are essentially
the same size throughout the
growth ring. Both longitudinal
views reveal the vessels (V) are
formed as the result of indi-
vidual vessel cells stacked one
on top of the other in the longi-
tudinal direction. The majority
of the remaining cells are small
diameter fibers. 70X (Courtesy
of N. C. Brown Center for Ultra-
structural Studies, S.U.N.Y. Col-
lege of Environmental Science
and Forestry)
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description of their anatomy is merited. Figure 3, showing a
small block of pine magnified 50 times, clearly illustrates that
springwood and summerwood longitudinal tracheids make up the
largest volume of the wood. Note that in addition to the cross-
sectional view, two longitudinal views are exposed. Transversely
oriented parenchyma cells, which make up the rays, can also be
seen in the transverse and longitudinal views. In the cross-
sectional view, three complete and two partial growth rings are
depicted.

The longitudinal tracheid is about 100 times longer than
wide. Depending on species, most domestic softwoods have longi-
tudinal tracheids ranging from 3 to 5 mm in length. Redwood has
the longest tracheids, up to 7.3 mm, and cedar the shortest,
about 1.18 mm in length. The width of longitudinal tracheids for
domestic species ranges from 20 um for cedar up to 80 um for
redwood.

Since the longitudinal tracheid is a long, thin, cylindrical,
tube-like cell, its appearance depends upon how it is viewed.

For example, if the cell is cut at right angles to its long axis,
the cross-sectional view is exposed on the cut surface. The
cross-sectional view exposed in Figure 3 reveals in the spring-
wood a square or polygonal shape predominating while in the sum-
merwood a more rectangular shape is apparent. In the longitudi-
nal, radial plane view, the ends of springwood tracheids are
rounded, while in tangential view they are pointed (Figure 7).
The ends of summerwood tracheids are pointed in both radial and
tangential views (Figure 7).

It should be obvious that the structure of the longitudinal
tracheid is well suited to perform the dual roles ot conduction
and support. Since water is translocated up the tree via the
tracheids, the orientation of the long axis of the tracheid par-
allel to the vertical stem permits a longer passageway prior to
interruption by a cell wall. The rigid cell walls, of varying
thickness, provide adequate support.

0f the several types of markings found on the longitudinal
tracheid wall (Figures 7 and 8), the most obvious are the circu-
lar dome-like structures called bordered pits. Also depicted are
clusters of egg shaped pits which interconnect longitudinal tra-
cheids to transversely oriented parenchyma cells. The structure
of the bordered pit facilitates liquid flow between cells. An
opening termed the pit aperture is located in the center of the
dome-like structure which is called the pit border (Figure 9).
Removal of the border reveals the pit membrane which resembles a
wheel with a hub and spokes (Figure 10). The portion of the mem-
brane similar to the part of the wheel with spokes is called the
margo. Note the many openings in the margo through which liquid
can flow. The central portion, resembling the hub of a wheel,
has no detectable openings and is termed the torus. Since each
bordered pit within a cell usually has a complimentary pit in the
contiguous cell, liquid can flow from the lumen through the pit

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.
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Wood Science

Figure 7. Isolated springwood (early-
wood) and summerwood (latewood) longi-
tudinal tracheids. Note resemblance of
tracheids to long cylindrical tubes. Tracheid
lengths in this figure are considerably re-
duced as tracheids are normally about 100
times longer than wide. Note the rounded
end of the springwood tracheid in the radial
view and the pointed end in the tangential
view. Summerwood tracheid ends tend to
be pointed in both views. a. Bordered pits
to adjacent longitudinal tracheids; b. and c.
pits to adjacent ray cells. (Drawing from:
Howard, E. T., Manwiller, E. G., Wood
Science (1969) 2, 77-86)

Figure 8. View of internal cell walls of
springwood longitudinal tracheids. The
circuizr dome-like structures are bor-
dered pits which permit liquid flow
between contiguous longitudinal tra-
cheids. The smaller egg-shaped pits in
clusters lead to adjacent transversely
oriented ray cells. 400X (Courtesy of
N. C. Brown Center for Ultrastructural
Studies, S.U.N.Y. College of Environ-
mental Science and Forestry)
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Figure 9. Innermost wall layer as seen
from the inside of a springwood longi-
tudinal tracheid showing two bordered
pits. Note the circular pit apertures and
the stringlike microfibrils which are ori-
ented at approximately 90° to the long
axis of the cell. Arrow indicates longi-
tudinal axis of the cell. 3,000X

Figure 10. View of a bordered pit membrane with the

dome-shaped pit border removed. The dark central portion

is the torus. The stringlike microfibrils radiating from the

torus constitute the margo portion of the pit membrane.

Water flows freely from cell to cell through the openings
between the margo microfibrils. 3,000

In Wood Technology: Chemical Aspects; Goldstein, 1.;
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Figure 11. Springwood longitudinal tra-
cheids showing bordered pits in cross-
sectional views. Note also the longitudinal
surface views of bordered pits inside of the
tracheids. In addition, narrow, elongated,
transversely oriented food-storage cells
which constitute rays are visible. 400X
(Courtesy of N. C. Brown Center for Ultra-
structural Studies, S.U.N.Y. College of
Environmental Science and Forestry)

‘WOOD TECHNOLOGY:

CHEMICAL ASPECTS

Figure 12. Cross-sectional view of a bordered pit-pair.
A: pit aperture; B: pit border; T: torus. Note the thick,
nonperforated torus. Most of the thin margo was destroyed
during specimen preparation, and only portions of it re-

main (arrow). Liquid flow occurs through the
ture, around the torus through the margo, an

it aper-
out the

other pit aperture into the adjacent cell. 5,000
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aperture of one cell, through the margo portion of the membrane
and out the pit aperture into the lumen of the adjacent cell.
Cross-sectional views of bordered pit-pairs interconnecting tra-
cheids are illustrated in Figure 11. A view of a single bordered
pit-pair in Figure 12 reveals an extremely thin and disrupted
margo and a relatively thick torus. Because of the thin and por-
ous nature of the margo region, it is often disrupted when pre-
paring specimens for microscopic examination.

Notice in Figure 12 that the torus is in the central posi-
tion while in Figure 13 it has moved to one side and effectively
sealed one of the apertures. |In this condition the pit is in the
aspirated state. Comparison of an aspirated pit-pair (Figures 13
and 14) with a non-aspirated pit-pair (Figures 11 and 12) clearly
illustrates the displacement of the pit membrane against the pit
border and the extremely tight seal which exists between the tor-
us and pit border. Aspiration of the pit membrane occurs as wat-
er is removed from the cell. In the living tree, aspiration pre-
vents, in the event a tree is wounded, air embolisms from occur-
ring throughout the tree and interrupting all water conduction.
Pit membrane aspiration, which occurs during the drying of wood,
reduces wood permeability as liquid flow between cells is pre-
vented. Thus any processing of wood involving the penetration of
liquids after drying is more difficult.

The other major cell wall structure found on longitudinal
tracheids is termed a ray crossing and is illustrated in Figures
7 and 8. Ray crossings consist of pits which interconnect longi-
tudinal tracheids to ray parenchyma. Due to the diverse struc-
ture of ray crossing pits they are extremely useful in the iden-
tification of wood and wood fibers. However, since identifica-
tion is beyond the scope of this review, a description of the
different types of pits found in ray crossings is not included.

Figures 8 and 15 reveal ray crossing pits as seen from the
inside of longitudinal tracheids. The considerably higher magni-
fication in Figure 15 shows a solid pit membrane. Openings in
the pit membrane would expose the cytoplasm to the hostile envi-
ronment of the longitudinal tracheid lumen and result in the
death of the parenchyma cell. Thus, the membranes are solid and
do not provide a passageway for free liquid flow.

Hardwood Anatomy

Obviously, softwood anatomy is relatively simple as only two
types of cells, longitudinal tracheids and ray parenchyma, con-
stitute the bulk of the wood. Hardwoods have a more complex ana-
tomy as more kinds of cells are present. The roles of conduction
and support are carried out by different cells and in addition to
the transverse ray parenchyma, food-storage cells oriented in the
longitudinal direction are present. Parenchyma oriented longi-
tudinally are called longitudinal or axial parenchyma. Vessel
segments perform the conduction role, and fibers the support role.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
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Figure 13. Cross-sectional view of an aspirated bordered pit-

pair. The pit membrane has moved to the border and sealed a

pit aperture with the torus. In this condition, liquid flow no
longer occurs between contiguous cells. 5,000 X

Figure 14. Surface view of an aspirated bordered pit mem-
brane. The imprint of the pit aperture through the torus is the
result of an extremely tight seal. 6,200

In Wood Technology: Chemical Aspects; Goldstein, 1.;
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Thus, most hardwood species contain four types of cells, vessel
segments, fibers, transverse and axial parenchyma, whereas most
softwood species possess two types; longitudinal tracheids and
transverse parenchyma.

Vessels are structures uniquely designed to carry out the
conduction role. A vessel consists of individual vessel cells
stacked one on top of the other in the vertical direction of the
stem (Figure 6). Vessel lengths up to three meters have been
noted. The vessel cells or segments, which constitute a vessel,
differ widely in their size and shape. The length of vessel seg-
ments varies from 0.18 mm to 1.3 mm and from 20 um to 330 um in
width. The shortest and widest vessel segments are found in the
springwood of ring-porous woods where often the width of the ves-
sel segment is greater than the length. However, in diffuse-
porous woods the vessel segments are usually 8 to 10 times longer
than they are wide. Note in Figures 5 and 6 that vessel segments
in cross-sectional view have a more or less rounded shape. In
this view they are often called pores which is a term of conven-
ience to describe the cross section of a vessel. As seen longi-
tudinally in Figure 16, they range from drum-shaped to barrel-
shaped to oblong, linear-shaped cells.

Two obvious structural features of vessel segments are per-
foration plates and pits. Perforation plates are distinct open-
ings found at both ends of the vessel segment which lead to adja-
cent vessel segments. In some species a number of openings ar-
ranged parallel to each other form the perforation plate. These
are termed scalariform perforation plates. A single opening is
called a simple perforation plate. Both types of perforation
plates are illustrated in Figure 16. The creation of openings
between vessel segments provides an elongated tubelike structure
of considerable length highly suited for the longitudinal trans-
location of water.

When vessels end, they rarely do so in isolation but rather
among a group of vessels. Translocation continues into the adja-
cent vessels via the intervessel pits. These pits differ from
softwood bordered pits in that they lack a torus and openings
large enough to be readily detected with an electron microscope.
Figure 17 depicts a typical intervessel pit membrane. Different
arrangements of intervessel pits can be detected and are useful
in the identification of hardwood species.

The longitudinal cell types responsible for the support role
in hardwoods are fibers. Fibers are thick-walled, elongated cells
with closed pointed ends. It should be noted that frequently the
term ""fibers'" is used loosely for all types of wood cells.
However, specifically it refers only to those cell types found in
hardwoods which meet the above definition. Fibers range in length
from 0.7 mm to 3 mm with an average slightly less than 2 mm for
domestic species. In diameter, an average of less than 20 um can
be expected. The percentage of the volume of wood occupied by
fibers varies considerably. In sweetgum, fibers constitute only
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Figure 15. View from the inside of a lon-

gitudinal tracheid showing pits connecting

a longitudinal tracheid to a ray cell. Note

the lack of openings within the pit mem-
brane. 2,500 <

Figure 16. Types of vessel segments
found in hardwoods. A and B: springwood
vessels from a ring-porous wood. Note the
short length compared with the diameter.
C and D: typical vessel elements from dif-
fuse-porous woods with simple perforation
plates at each end. E: typical diffuse-por-
ous vessel element with scalariform per-
foration plates at each end. 140X
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26% whereas in hickory up to 67% of the volume is made up of
fibers. |In most cases the higher the percentage volume of fibers
present the higher the specific gravity. Exceptions, when noted,
are usually due to the fibers being relatively thin-walled.
Figures 6 and 18 depict a wood in which fibers occupy more than
50% of the volume. Also illustrated are the obvious differences
in the relative size, shape and wall thickness between fibers and
vessels.

Considerable variation in the amount of transverse and lon-
gitudinal parenchyma exists among hardwood species. For example,
basswood has approximately the same as softwoods, that is about
10%, while some oak species approach 40% parenchyma. As in soft-
woods, the parenchyma are usually brick-shaped cells although
some variations of this shape occurs. The rays, composed of
transverse parenchyma, range from one to thirty-plus cells wide.
The ray illustrated in Figure 18 is seven cells wide. Thus the
higher parenchyma volume is due to wider rays and the additional
presence of axial parenchyma which is rather rare in softwood
species.

Based on the wood anatomical descriptions presented, it is
obvious that hardwoods and softwoods differ considerably from
each other. For example, vessels are present in hardwoods and
absent in softwoods. In hardwoods more cell types, shorter cells,
more parenchyma and a more variable arrangement of cell types
occur. The relative uniformity of softwood anatomy is the result
of the preponderance of a single type cell, the longitudinal
tracheid.

Cell Wall Structure

Although some variability exists, the internal cell wall
structure described below represents the typical structure found
in most woody plant cells. At the time the cell is produced by
cell division, it consists of a primary wall which is capable of
enlarging both longitudinally and transversely. After the cell
reaches full size, a secondary wall is deposited internal to the
primary wall adding thickness and rigidity to the cell wall.
Figure 19 illustrates the cell walls of two mature, contiguous
cells from a softwood species. Note the three distinct layers
which make up the cell wall. Adjacent to and on each side of the
middle lamella, a primary wall from both cells is present.
However, this wall is too thin to be easily observed. Therefore,
the term compound middle lamella, which refers to the middle la-
mella and the two primary walls, is often utilized. Adjacent to
the compound middle lamella and easily detected is the first lay-
er of the secondary wall termed the S, layer. The next and cen-
tral layer, which is the largest, is called 52‘ The innermost
layer adjacent to the lumen is termed S,.

The total cell wall thickness is lgrgely controlled by the
thickness of the 52 layer. That is, thick-walled cells result
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Figure 17. Pit membrane from

an intervessel bordered pit. Note

the absence of a torus and de-

tectable openings in the mem-
brane. 2,400

Figure 18. Hardwood specimen
showing a vessel cell, fibers, and
ray cells. Note the relative dif-
ferences in size and shape OZ the
cells. The tangential view shows
a ray which is up to seven cells
wide. (Courtesy of N. C. Brown
Center for Ultrastructural Stud-
ies, S.U.N.Y. College of Environ-
mental Science and Forestry)
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from a substantial increase in the thickness of the S, layer and
little or no increase in the S, and S, layers. For eXample, note
in Figure 20, which depicts adjacent 3esse| and fiber cell walls,
the thin S, layer in the thin vessel wall and the thick S, in the
thick fibeF wall. Notice also that the S, and S, of both"cells
are essentially the same size. The average rela%ive size of the
various cell wall layers is indicated in Table |. The thinnest
is of course the primary wall with the 53, S| and 52 in order of
increasing thickness.

Table |

Thickness of Various Cell Wall Layers
and Microfibril Angle Within the Layers

Relative Average
Thickness Angle of
Wall Layer (%) Microfibrils
P.W. >1 Random
S] 10-22 50-70°
52 70-90 10-20°
53 2-8 60-90°

Detection of the various cell wall layers is due to the
presence of microfibrils which are oriented at different angles
within each layer. A microfibril is the basic naturally occur-
ring unit which can be easily seen with an electron microscope.
Note in Figure 21 the string-like appearance,of the microfibrils.
In size, microfibrils range from 100 to 300 A in diameter, whereas
their length has not been determined. Within each of the cell
wall layers, the microfibrils are oriented at different angles to
the long axis of the cell. Table | indicates the average micro-
fibril orientation within the various cell wall layers. Figure
22 presents an idealized drawing of the microfibril orientation
within the various cell wall layers.

Chemical Composition of Cell Wall

Chemically the cell wall is rather heterogeneous, consisting
primarily of three polymeric materials: cellulose, hemicellulose
and lignin. These materials are composed of large molecules and
constitute from 95 to 98% of the cell wall. The remaining 2-5%
are lower molecular weight compounds called extractives. The
amount of each component, especially the hemicelluloses, lignin
and extractives, varies considerably between hardwoods and soft-
woods (Table I1). Other factors such as species, location of
cells within the tree and growth environment also influence the
final chemical composition.
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Figure 19. Cell walls in cross-sectional view from contiguous

springwood longitudinal tracheids depicting wall layerini.l C:

compound middle lamella. 1: S, layer; 2: S; layer; and 3: S, layer.
Note the S, layers are the largest. 16,000

Figure 20. Cell walls of a vessel (V) and adjacent fiber (F) in

cross-sectional view. Note the very large S, layer in the thick-

walled fiber and the small S, layer in the thin-walled vessel.
13,000
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Figure 21. Cellulose microfibrils in the primary
wall and S, portion of the secondary wall from a
longitudinal tracheid. Note the loosely packed
and randomly arranged microfibrils in the im'-

mary wall (P). The S layer (S) consists of tightly

packed, parallel microfibrils. 12,000

SECONDARY o
WALL ) % |

PRIM/f‘\RY WALL

A

Figure 22. Idealized drawing of cell wall
layering showing microfibril orientation and
the relative size of each layer
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Table I

Average % Chemical Composition of Softwoods and Hardwoods

Sof twoods Hardwoods
Cellulose 42 + 2 4s + 2
Hemicellulose 27 + 2 30 £5
Lignin 28 + 3 20 + 4
Extractives 3+2 5+3

Cellulose is a linear polymer of anhydro-D-glucopyranose
units linked by B-(1+4) glycosidic bonds. The number of glucose
residues varies from 7,000 to 10,000. The cellulose molecules
are linked laterally by hydrogen bonds into linear bundles. The
extremely large number of hydrogen bonds results in a strong lat-
eral association of the linear cellulose molecules. This strong
association and almost perfect alignment of the cellulose mole-
cules gives rise to crystallinity. X-ray measurements show that
the crystalline regions are interrupted every 600 angstroms with
non-crystalline (amorphous) regions. Whether this is due to minor
imperfections in the crystalline lattice or a real structural en-
tity is not completely clear. The most widely held concept is

the latter in which the cellulose moleculeg are highly oriented
(crystalline) for a distance of about 600 A then pass through an
area of poor orientation (amorphous) and re-enter a crystalline
region. The pattern repeats throughout the length of the cellu-
lose molecule.

Electron microscopy studies revealed threadlike structures
called microfibrils (Figure 21). Microfibril widths, depending
upon material source and methods used, vary from 100 to 300 ang-
stroms and are about half as thick as they are wide. Microfibril
length has not been determined nor has the internal structure of
the microfibril been clearly established. Some investigators be-
lieve that the microfibril consists of a crystalline core of cel-
lulose surrounded by an amorphous region containing hemicellu-
loses. Depending upon the investigator, estimates of the crys-
talline core size ranges from 30 by 50 A to 40 by 100 R. Further
variation in the size of the microfibril is due to the amount of
hemicelluloses surrounding the crystalline core as well as aggre-
gations of single microfibrils to form microfibrils with larger
diameters. Studies with very high resolution electron microscopes
coupled with negative staining techniques has led to the view
that a 35 R wide cellulose fibril called the elementary fibril is
the basic structure. One proposal from this work views the micro-
fibril as consisting of four elementary fibrils with hemicellu-
loses, lignin and water around the outside as well as between the
elementary fibrils. More recent work has indicated so-called
sub-elementary fibrils in the 10 A range. Obviously the physical
structure of cellulose in the woody plant cell wall is far from
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certain.

Hemicelluloses, like cellulose, are polymers of anhydrosugar
units. They differ from cellulose in that a given hemicellulose
molecule may contain several different sugar units. In addition,
hemicelluloses are usually branched molecules containing only 150
to 200 sugar units. Hemicelluloses found in wood are polymers of
D-glucose, D-galactose, D-xylose, D-mannose, L-arabinose and L-0-
methyl-D-glucuronic acid. The hemicelluloses along with lignin
surround the crystalline cellulose.

Lignins are the major non-carbohydrate component of wood.
They are very complex, crosslinked, three dimensional polymers
formed from phenolic units. The number of building units varies
considerably from a few up to several hundreds. The aromatic na-
ture of the phenolic units renders lignin hydrophobic and the
three dimensional network provides rigidity and optimum resistance
to compressive forces. The structural make-up of lignin from
hardwoods differs from softwood lignin in that the basic building
unit is syringyl whereas guaiacyl is the primary building unit
for softwoods. Because the guaiacyl unit has a greater number of
potential reactive sites, a higher degree of crosslinking exists.
Furthermore lignin formed primarily from guaiacyl has, on the
average, a higher molecular weight. Typically, softwood lignin
has about ten times more guaiacyl than syringyl units whereas in
hardwoods the ratio is usually one to one. Thus hardwood lignins
are more easily degraded than softwood lignins.

The distribution of the chemical constituents across the
cell wall is not uniform. With regard to cellulose, the primary
wall contains about 10% increasing to more than 50% in the S, lay-
er and decreasing slightly in the S_ layer. The lignin contént
of the middle lamella and primary wgll is on the order of 70%.
The S, contains about 22% and the S_ approximately 15%. It should
be no%ed that due to the very large“volume of the S, layer, over
half of the total lignin is found in this layer alt%ough the con-
centration is lower than in the compound middle lamella. Also,
because the compound middle lamella is so thin only 10% of the
total lignin is present despite the very high concentration. The
hemicellulose fraction tends to vary about the same as the cellu-
lose across the cell wall.

In addition to the major cell wall components of cellulose,
hemicellulose and lignin, wood contains varying amounts of sub-
stances termed extractives. The term extractives includes a wide
range of chemical types and a very large number of individual
compounds. Some of the major chemical types are 1) Terpenes and
related compounds, 2) Fatty acids, 3) Aromatic compounds and k)
Volatile oils. Species differ widely in the type and amount of
extractives present. Also there is considerable variation in the
distribution of extractives throughout the wood of individual
trees. Although some extractives are found in sapwood, the heart-
wood usually contains the largest amount.

Although the exact cause of heartwood formation is not known,
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the resulting changes have been well documented. The parenchyma
cells change their metabolic activity and tend to produce extrac-
tives from stored carbohydrates. The parenchyma cells die and
the extractives diffuse into adjacent cells. Thus, the heartwood
contains no living cells and in many species is discolored as a
result of the extractive content. |In certain softwoods resin
canals are another source of extractives. These structures con-
tain considerable quantities of resin in the living tree.

Despite the relatively low percentage content of extractives
(Table I1), they very often influence wood properties and thus
play a role in utilization. Advantages accrue from the presence
of colored and volatile extractives which provide esthetic values.
Some of the phenolic compounds provide resistance to insect and
fungal attack. Other extractives provide useful products. From
tall oil, products such as turpentine, rosin and fatty acids are
produced. In addition, tannins, camphor, gum arabic, natural
rubber and flavonoids are some of the many products from extrac-
tives.

Extractives sometimes prevent or inhibit the utilization of
wood. For example, woods containing phenolic type extractives
cannot be pulped via the sulfite process. The so-called '"pitch
troubles' in the pulp and paper industry result from the tendency
of the resin type extractives to coagulate and adhere to metal
and fibrous surfaces. Also the presence of extractives result
in a higher consumption of pulping chemicals and in lower pulp
yields.

Despite the numerous products derived from extractives, much
of the basic chemistry of the numerous compounds found in many
species is still virtually unknown. Future work in this area
should provide many new products.
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Prevention of Stain and Mould in Lumber and Board

Products

A. J. CSERJESI
Western Forest Products Laboratory, Vancouver, British Columbia, V6T 1X2, Canada

Wood, like any other natural organic material is perishable,
and may serve as a nutrient source for different microorganisms.
Some wood-inhabiting microorganisms (decay fungi) can utilize as
nutrients those wood components which form the structural ele-
ments of wood (cellulose, lignin), while others (sapstain fungi
and moulds) consume those wood components which represent the
cell contents of the tree (starch, other carbohydrates, etc.) and
thus no strength loss of wood occurs.

To prevent growth of wood-inhabiting fungi it is customary
to treat wood with chemicals which are toxic to fungi. To pro-
tect wood in service from deterioration by decay fungi, the
chemicals, called wood preservatives, are applied in most cases
by pressure treatment because deep penetration into the wood is
essential. Wood products intended for use where the decay
hazard is low are unlikely to require pressure treatment but in
many instances may require superficial fungicidal treatment to
prevent fungal discoloration.

History of Sapstain and Mould Prevention

Wood-inhabiting fungi need water, air, nutrients and a
suitable temperature for growth. Sapwood in freshly cut lumber
has the proper balance of air and water, contains nutrients, and
therefore in warm weather it is readily attacked by fungi. Ab-
sence of any one of these four requirements stops the growth of
these fungi, however the fungi are not necessarily killed. Among
these four requirements the moisture content (M.C.) of the wood
is the easiest to control, and if it is below about 20% fungal
growth is stopped.

In the early days air-drying was the method used to reduce
the M.C. of wood. However, air-drying in humid and rainy weather
was relatively slow, often taking as long as two or three months
to dry lumber to less than 207 M.C. During this period fungi
were able to grow on (moulds) and in (staining fungi) the lumber.
This period however, is too short for decay fungi to cause an
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appreciable amount of decay.

Planing air-dried lumber largely removes surface discolor-
ation caused by moulds, but discoloration in the wood caused by
staining fungi cannot be removed.

Kiln-drying does not depend on the weather and, in addition,
due to the high temperature used, the wood is essentially ster-
ilized. However, if kiln drying is delayed mould and sapstain
fungi may discolor the wood.

For the prevention of sapstain development during air-drying,
sawmills started to use fungicides as early as the end of the
last century. The first attempt to prevent sapstain in lumber
was in 1888, according to Bryant (4). At the beginning of this
century, the use of sodium carbonate and bicarbonate became wide-
spread in sawmills, and remained the sapstain and mould prevent-
ive until about 1930 (4). The studies carried out by the South-
ern Forest Experiment Station and the Forest Products Laboratory
in the U.S.A. from 1928 to early 1930's (31) resulted in a
change over from the use of sodium carbonate to the use of the
sodium salts of chlorinated phenols and organo-mercuric com-
pounds. Since sapstain and mould preventiyes based on the toxic-
ity of individual compounds were reported to fail occasionally,
the use of mixtures of mercurials and the sodium salts of chlor-
inated phenols was suggested (39,40).

Since then the sodium salts of chlorinated phenols, sodium
pentachlorophenate and sodium tetrachlorophenate, buffered in
most formulations with borax, with or without organo-mercurials,
has dominated the sapstain and mould preventive market. In
British Columbia the lumber industry voluntarily stopped using
formulations containing mercury in the late 1960's. However
sapstain and mould preventives containing mercurials are still
in use in the U.S.A.

The original requirement for a sapstain and mould preventive
treatment was to prevent fungal growth on lumber for the period
of air-drying, or for the storage period between sawing and kiln-
drying. Thus, the chemicals were required to be effective for
about a two month period. Traditionally lumber from the Pacific
Northwest is shipped unseasoned, by ocean transport. Shipping
charges are based on volume not on weight, and neither air nor
kiln-drying would be justified economically. After the Second
World War, in order to reduce handling costs, packaging of
lumber was introduced. Although it was recommended that the
importer break up the packages on arrival and pile the lumber
for drying, in practice it became customary to break up the
packages only when the lumber was actually used. This period is
generally less than one year, but is sometimes as much as two
years (26).

During storage of packaged green lumber, conditions remain
favourable for fungal growth and since the pieces are in close
contact in the packages, fungi, including decay fungi, may spread
from one piece to another if fungicidal treatment was inadequate.
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This extended time requirement for effective control of fungal
growth by sapstain and mould preventives put more stringent
requirements on the fungicides as well as on the application
methods. Chlorinated phenols are effective fungicides for this
purpose, as proven by use (17,26), however they may cause skin
irritation (4), and an increase of the concentration in the
treating solution without the proper precautions may cause other
problems in handling freshly-treated lumber (17,35). Searching
for safer and more effective fungicides to replace chlorinated
phenols for the prevention of sapstain and mould, therefore is
important for both the chemical companies manufacturing sapstain
and mould preventives, as well as for the lumber industry using
them.

An extensive study in Germany in the early 1960's (28,29)
was carried out by testing about 300 chemicals for their toxicity
to fungi and studying their physical and chemical properties.
None of the tested chemicals were found to be more effective
than chlorinated phenols.

In New Zealand, Butcher found that captafol is a suitable
replacement for chlorinated phenols (5,6,7) and it has been
widely accepted for use in that country.

In North America, Chapman Chemical Co. is promoting different
metal complexes of 8-hydroxyquinoline (9), but the acceptance of
these formulations is slow.

The Eastern Forest Products Laboratory, Ottawa, found that
ammoniacal zinc oxide is an inhibitor to fungi in pine lumber
(16,33). Sanford Products Corp. is offering 2-¢hiocyanomethyKthiog
benzothiazole for prevention of sapstain and mould in Canada and
U.S.A., and tributyl tinoxide emulsion is marketed in Japan.

Experiments were carried out in Europe to use benomyl,
di(guanidino-octyl) amine and p-chlorophenyl-3-iodo-propargyl
formal to be used in sapstain and mould preventive formulationms.
Laboratories, including the Western Forest Products Laboratory,
are also testing new chemicals.

However sapstain and mould preventive formulations contain-
ing chlorinated phenols as the main fungicidal components, still
dominate the market.

Sapstain and Mould Preventive Treatment in Practice

An effective sapstain and mould preventive, does not
necessarily make a successful treatment. For a successful
treatment the following requirements are also necessary:

1. Lumber free from sapstain, mould and active decay;

2. Not more than 24 hours delay of the treatment after

sawing;

3. The surface of lumber should be uniformly covered with

the treating solution (application method);

4. Proper concentration of the fungicide in the treating

solution;
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5. At least a temporary protection of lumber from the

weather after treatment.

Points 1 and 4 need no further comment. The requirement of
2 is also obvious, considering that this treatment is restricted
only to a thin surface layer of the wood and a delay of the treat-
ment allows staining fungi to penetrate beyond the treated layer,
where their growth is uninhibited.

The third requirement refers to the application method which
is used to apply the sapstain and mould preventives. According
to the author's experience, the use of a good application tech-
nique is as important as, or perhaps more important than, the
effectiveness of the fungicide in the formulation. The type of
application methods used are:

(1) Dipping. (a) hand dipping; (b) dipping on the sorting
chain; and (c) bulk dipping (of packaged lumber).

(2) Spraying. The author's preference for sapstain and
mould preventive treatment is dipping. Experience, in analyzing
commercially treated lumber, indicates that the quality of
treatment by dipping is superior to spraying (12).

Hand dipping is used today only for experimental purposes.
Dipping on sorting chain is one of the earliest automated
application methods (31). The advantage of this latter is, that
it requires a relatively small volume of treating solution, which
is easy to handle. Although it is a good treating method, because
of some problems in handling wet lumber on the sorting chain, it
had not been used in B.C. for many years. Recently however it
was reintroduced and with the development of automatic sorting
equipment, this treating method probably will become more popular
in the future.

Bulk dipping of packaged lumber was introduced in B.C. in
the 1960's, primarily for the treatment of rough sawn lumber.
Analyzing commercially and experimentally treated lumber for
chlorinated phenols after bulk dipping showed that this treat-
ment resulted in retention comparable to that of hand-dipped
rough-sawn lumber. It was also observed that with surfaced lumber,

although each piece in the package received some treatment, the
concentrations of the fungicide were much lower than in hand
dipped lumber, possibly due to the restricted space between pieces
(25).

Bulk dipping is done either by driving a carrier with the
lumber into the '"dip tank", or dipping on a platform. The latter
method usually utilizing automatic equipment, which lowers the
lumber placed on the platform into the solution, keeps it down
for a short time, and brings it up. In some small sawmills, the
package of lumber is held under the forks of a forklift, which
push them under the solution in an above ground "dip tank".

A major advantage of bulk dipping is that the lumber is not
handled manually after treatment. A disadvantage is the large
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volume of treating solution needed to fill the "dip tank”.
Spraying is used mainly for the treatment of surfaced lumber
and thus the equipment is usually installed behind a high speed
planer. The main problem with this method is that the nozzles
of the spray system often become temporarily plugged. Even a
very short stoppage of spray, considering the high speed of the
lumber (180-350 m/min), may result in large surface areas of the
pieces remaining untreated. These untreated areas are responsi-
ble for failure in the protection of lumber treated by this
method.

Retention of Sapstain and Mould Preventives on Lumber

According to Verrell (39) the effectiveness of the sapstain
and mould preventive treatment is correlated to the retention of
fungicides on the lumber. This retention is affected by some
physical and possibly chemical properties of wood in addition to
the application of fungicide, as well as by the method of its
application.

In laboratory experiments by the author it was found that
the moisture content of the wood has little effect on the reten-
tion of the treating solution on the lumber following a 15 second
dip (14). In another laboratory study (ll) it was found that
although alternate wetting and drying caused complete loss of
pentachlorophenol from wood, neither leaching nor drying alone
caused significant loss of pentachlorophenol after a 1 to 2 day
fixation period in the wet condition. This suggests that lumber
needs only temporary protection from weather, although complete
loss may occur from the surfaces of lumber if exposed to weather
due to repeated wetting and drying (12).

Using the results of a large scale field test (26), a number
of conclusions about sapstain and mould preventive treatments can
be made. In this experiment more than 10,000 pieces of 2" x 4"
and 8 ft long lumber were treated by hand dipping into two
sapstain and mould preventives, each used at four concentrationms.
Both contained sodium tetrachlorophenate as the main fungicide.
All pieces were inspected for growth of sapstain and mould after
different storage periods, and more than 3000 pieces were ana-
lyzed for tetrachlorophenol. The concentrations of tetrachloro-
phenol were calculated,on weight per surface area basis (13) and
were reported as mg/cm”.

Considering the large number of observations the following
conclusions were well documented:

1. The same protection was observed against sapstain and

mould fungi with the same retention (mg/cm”) regardless
of whether the lumber was rough sawn or surfaced (15).
2. Rough-sawn lumber retained an average of 2.5 to 3 times
as much tetrachlorophenol as surfaced lumber did, when
they were treated in the same solution. This means that
surfaced lumber should be treated in a solution which is
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three times more concentrated than that used for rough-
sawn lumber for equivalent treatment (15).

3. Large variations in the retentions (the maximum being
10 x higher than the minimum) were found in the lumber
treated in the same solution (26). This variation was
about the same on both, surfaced and rough-sawn lumber
(hand-dipped!).

4, On the premise that the protection depended only on the

retention of tetrachlorophenol, we calculated that for
closezto 100% protection, a minimum retention of 0.05
mg/cm” is necessary for,a 2 year period and a minimum
retention of 0.04 mg/cm” tetrachlorophenol for a one
year period (26).

There is no standard for sapstain and mould preventive
treatment, but for export lumber most contracts specify that the
lumber should be "effectively treated'". Savory and Cockroft in
1961 (30) came to the conclusion: " ......... it is doubtful
whether a certificate of treatment employing the words 'effec-
tively treated' has any real meaning. It is suggested that
certificates of treatment would be more valuable if they stated
the treating chemical and the concentration at which it was
applied." This suggestion is not yet accepted. But following
up their suggestion based on the results of our experiment we
calculated that 13 randomly taken samples would be required to
estimate with reasonable certainty whether the retention was
within the desired target amount (15).

Another factor which may reduce the effectiveness of a
sapstain and mould preventive treatment is the tolerance and the
adaptation of fungi to fungicides (10,39). However the tolerance
of fungi is considered when the effective concentration of a
fungicide is determined.

Experimental Methods

The experiment which made it possible to draw several con-
clusions on sapstain and mould preventive treatment was a large
scale test that needed about three years to complete. The
quantitative conclusions justified such extensive experimentation.
However, for screening new fungicides, such a large experiment
would be too expensive and time consuming. Field tests using
commercially produced lumber with much shorter storage periods
(4 months) give a very good indication of the usefulness of a
fungicide for sapstain and mould prevention (7,25,31,40). Ex-
periments were also carried out with smaller samples, up to 3
ft long and shorter storage periods (2-3 months). The results
of these tests also gave a good indication of the effectiveness
of fungicides (5,31,40). As an alternative to these tests,
where untreated pieces were used as controls, pieces half dipped
into the treating solution were tested against the untreated
other halves, which served as controls (Chapman Chem. Co.).
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For preliminary tests of fungicides, different laboratory
methods were developed. Several methods were described using
artificial media to test the toxicity of chemicals to micro-
organisms. One of the first tests of this kind was to use malt
agar mixed with the chemicals (19). The reproducibility of these
tests is much better than those which use wood as the medium (21).
However, the results obtained with artificial media rarely cor-
relate with those which are obtained using wood, and therefore
artificial media are best used for special experiments (e.g.
adaptation of fungi to fungicides (10). Most of the laboratory
research with fungicides intended to be used for wood protection
has been carried out with a wood medium. Since no standard exists
to test sapstain and mould preventives, almost as many methods

Discoloration of Non-Fungal Origin on Lumber

Discoloration, other than sapstain and mould (or decay) also
occurs on lumber. Some of this discoloration originates from the
trees and is restricted mainly to the heartwood, It may be
caused by chemical reactions which do not continue after the
trees are harvested (1,31,34) or it may be caused by fungi in the
living tree, which may or may not continue to develop after
harvesting (31,34). The only protection against discoloration
which is caused by fungi that continue after harvesting, is kiln-
drying of the lumber (1).

A non-fungal discoloration developing in sapwood of lumber
of several species is due to the oxidation of certain wood ex-
tractives (2,22,31). Colourless carbohydrates or phenolic wood
extractives, either present in sound wood or produced by micro-
organisms e.g. bacteria in ponded logs (18,37), migrate to the
surface, mainly onto the cross-cut ends of lumber. On the surface
these extractives are converted to tannin-like, coloured materials
by oxidation, in most cases catalyzed by enzymes (2,22). This
discoloration is mostly restricted to the surfaces of sapwood,
and more pronounced on the ends of pines (22,36) western hemlock
(2,}§) and a few other wood species. Similar discoloration
occurs during kiln-drying in pine lumber, and is caused by a
similar process. But instead of enzymatic oxidation, the high
temperature accelerates the formation of the coloured compounds.
This discoloration is usually not restricted to the surfaces of
the lumber (39).

To control this discoloration in pines, buffered sodium azide
(36,37), and more recently the less hazardous sodium fluoride have
been used (8). Recently ammoniacal zinc oxide (32) and sodium
carbonate or bicarbonate (41) have been suggested to prevent this
discoloration.

The brown stain on western hemlock sapwood is not controlled
by sodium azide (18). A number of chemicals (reducing agents and
acids) prevent the colour formation in laboratory experiments but
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in practice they only delay it. The ineffectiveness of these
chemicals in practice is probably due to the lowering of the
concentration of the chemicals below their effective concen-
trations by rain and by the continuous movement of the extractives
to the surface during drying (2). Since this discoloration is
restricted to the surface, no preventive measures are taken
against its formation.

This type of discoloration is less important in British
Columbia than the discoloration caused by fungi. Surface dis-
coloration can be readily removed by surfacing of lumber, and
usually objection is raised onlywhen it's observed on an unfam-
iliar wood species as was the case with western hemlock.
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Chemical Methods of Improving the Permeability of
Wood

DARREL D. NICHOLAS
Institute of Wood Research, Michigan Technological University, Houghton, Mich. 49931

In the past, it has been well documented that the
relative permeability of wood has a significant influ-
ence on the effectiveness of preservative treatments.
Without adequate penetration, even the best preserva-
tives will not provide sufficient protection and the
wood will fail prematurely. Consequently, any devel-
opments in methods which increase the treatability of
wood which are difficult to treat could have a signif-
icant impact on the wood preserving industry.

The objective of this paper is to review methods
of improving the permeability of wood. Both mechanical
and chemical methods are possibilities, but this dis-
cussion will be limited to the latter.

Structural and Chemical Factors in Wood Which Affect
Flow

A complete review of the structure of wood is pre-
sented in another paper in this symposium. Hence, this
discussion will be limited to a review of the principal
structural and chemical factors which could possibly
influence the flow of liquids in wood.

Structural Factors. Wood is essentially a closed
cellular system, and the cell walls are characterized
by the presence of numerous pit pairs which serve as
flow paths for liquids in 1living cells. After the
cells die and they are transformed into heartwood, the
pits undergo aspiration and become occluded with wood
extractives. This results in a reduction in the effec-
tive pore size which in turn restricts flow of materi-
als. Nevertheless, evidence suggests that the major
flow path from cell to cell (in either rays or trach-
eids) is through the pit membrane since this is the
path of least resistance. Consequently, an understand-
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ing of the structure and chemical composition of the
pit membrane is paramount in our attempt to improve
the permeability of wood.

Pit Structure. Because the pit membrane appears
to be the controlling factor in flow through wood, an
examination of its structure would be pertinent.

Simple pit pairs having continuous pit membranes (1)
are found between parenchyma cells. Therefore, the
flow through this type of cell must pass through the
pit membrane. Conversely, most softwood tracheids
have bordered pit pairs which have a differentiated
membrane composed of a network-like open margo and a
thickened central portion called the torus (1). As
long as the bordered pit pair is in the unaspirated
state, flow can occur relatively easily through the
porous margo. However, the pit pairs of heartwood are
frequently closed to flow due to a combination of as-
piration and occlusion by extractives or lignin-like
substances (2, 3). 1In sapwood the pits may or may not
be aspirated, but do not contain occlusions so flow is
generally less restricted than in the heartwood. 1In an
aspirated pit, the flow could occur either through the
thickened torus, or possibly between the torus and the
.overhanging border. Based on evidence accumulated to
date, it is not possible to determine which of these
paths is the major pathway of flow through aspirated
pit pairs, but both are probably functional and vary in
importance within and among species.

Electron microscopic studies (4, 5, 6, 7) reveal
that the bordered pit membrane is fibrillar in nature.
Until recently, the margo was considered to be an open
network of microfibrils in the green state. However,
the work by Sachs and Kinney (8) indicates that the mar-
go is essentially a continuous membrane in the green
state but becomes quite porous as a result of drying
stresses during seasoning. As long as wood is dried
prior to treatment, which is normally the case, this
point is superfluous with respect to permeability.

Although there are no visible openings in the tor-
us, evidence suggests that openings do exist (9). It is
envisioned that flow through the torus would occur
through tortuous paths between randomly oriented micro-
fibrils similar to the openings between the fibers in
filter paper. Extending this analogy, the structure
and composition of the filter paper determines the rate
of flow. The finer and more compact the elements of
the paper are, the slower the flow and the more sus-
ceptible it is to plugging by particulate matter. This
situation would also apply to the structure of the mem-
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brane torus. Hence, the relative packing density of
the microfibrils and the amount and type of encrustance
present would be expected to have a significant influ-
ence on the flow of fluids.

Chemical Factors. Based on the structure and flow
paths in wood, the pit membrane appears to be the com-
ponent which should be chemically altered in order to
increase the permeability. 1In order to accomplish this,
knowledge of the chemical composition of the pit mem-
brane is desirable.

A number of investigators have studied the chem-
ical composition of the pit membrane (10, 11, 12, 13,
14) using combinations of microscopy, specific enzymes,
histochemical methods and UV microspectrophotometry.
From this work, it appears that the pit membrane under-
goes chemical modification during heartwood formation.
It has been postulated that the mechanism for this
transformation is that the parenchyma cells produce
compounds which migrate to the pit membrane and serve
as precursors for the formation of polyphenolic com-
pounds (10). Peroxidase, which is frequently present
in sapwood pits, probably serves as a catalyst for
these reactions.

In sapwood, the pit membranes appear to be prin-
cipally composed of cellulose and pectin (13). How-
ever, in a number of genera, the sapwood pit membranes
also contain polyphenols in some cases, but the dis-
tribution is not uniform even within species.

In heartwood, all pit membranes of the genera
studied appear to contain polyphenols in addition to
the other major chemical components. The presence of
lignin in the pit membrane has not been positively
established. However, the fact that a monomeric
C6-C3 compound has been found in the capillary liquid
of sapwood tracheids, strongly suggests that lignifi-
cation may occur in the pit membranes. In any event,
it appears that the polyphenols present in the heart-
wood undergo polymerization reactions to higher molec-
ular weight compounds which resist extraction by
neutral solvents. Hence, they exhibit properties sim-
ilar to that of lignin.

One of the significant findings by Bauch, et. al.
(13) is the fact that the presence of lignin-like com-
pounds is not uniform within samples from a given spe-
cies. There also appears to be a considerable varia-
tion in the chemical composition of the pits within a
single tracheid. This suggests that treatment with
chemicals that degrade lignin may not be necessary in
all cases, since modification of a few pit membranes
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per tracheid should be sufficient to significantly im-
prove the permeability of wood.

It should be pointed out that most of the research
on chemical composition of the pit membrane has been
limited to the bordered pits. The chemical composition
of the simple pit membranes in the ray parenchyma cells
may or may not be the same. However, since the paren-
chyma cells produce the precursors for the formation
of polyphenolic compounds, it is anticipated that the
membrane occlusions would be similar.

Methods of Increasing the Permeability of Wood

There are a number of possible chemical methods
which could be employed to increase the permeability
of wood. These are: a) chemical treatments, b) modi-
fication of treating solution properties, and c) bio-
logical treatments. The potential of each of these
methods will now be examined in detail.

Chemical Treatments. Over the years, a consider-
able amount of research has been conducted on the pos-
sibility of using various chemical pretreatments to
improve the permeability of wood. The basic principle
behind such treatments is either to extract extraneous
material from the pit membrane or degrade the pit mem-
brane in order to enlarge the openings.

Pre-extraction of Wood. Since the major factor
causing a reduction in the permeability of wood during
heartwood formation is occlusion of the pit membranes
with extraneous material, one would anticipate that
pre-extraction of the wood with a suitable solvent
would be a method of increasing the permeability of
wood. This contention has been verified by a number
of studies (15, 16, 17, 18, 19, 20, 3, 21). However,
it appears doubtful that such treatments would be com-
mercially feasible since the solvents are expensive
and excessive time is required for the additional step
in the treating process.

Chemical Degradation of the Pit Membranes. Chem-
ical modification of the pit membranes is a possible
method of increasing the permeability of wood as long
as it can be accomplished without incurring excessive
strength loss. In this regard, sodium chlorite, pulp-
ing liquors, acids and bases have been used to increase
the permeability of wood (19, 22, 3, 23). Unfortu-
nately, excessive strength loss of the wood resulted
from these treatments. Nevertheless, it may be possible
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to achieve the desired results by selecting the proper
chemicals so this approach should not be abandoned.

For example, the work by Emery and Schroeder (24) in-
dicates that wood can be chemically oxidized with an
iron catalyzed reaction under acidic conditiomns. It
is conceivable that this type of treatment could de-
grade the pit membrane and increase the permeability.
Furthermore, Tschernitz (25) has shown that treatment
of Rocky Mountain Douglas fir sapwood with hot ammonium
oxalate improved the treatability of this material. 1In
this latter case, the ammonium oxalate probably solu-
bilized the pectins in the pit membrane.

Another chemical method of increasing the per-
meability of sapwood is to steam the green wood. This
technique is frequently used in processing southern
pine where it aids in the drying step as well as in-
creasing the permeability. It has been shown that the
probable mechanism involved in the change in permeabil-
ity is acid hydrolysis which reduces the effectiveness
of pit aspiration significantly (26).

Attempts have been made to increase the permeabil-
ity of heartwood but without success. Furthermore,
steaming has not been effective on species other than
the southern pines (27).

Modification of Liquid Properties. The relative
permeability of wood varies with the type and condition
of the impregnating liquid. Consequently, by selecting
the appropriate parameters, it is possible to alter the
apparent permeability of wood. These factors will now
be discussed in detail.

Type of Liquid. Both petroleum hydrocarbons and
water are used as carriers for wood preservatives. A
number of studies have clearly shown that petroleum
hydrocarbons penetrate wood much more rapidly than
water (28, 29, 20, 27). The reason for this difference
is not entirely clear, but it has been proposed that
hydrogen bonding ability of the liquid is the major
factor that influences its ability to penetrate wood
(28, 29, 27). Water has the ability to form strong
hydrogen bonds between molecules which results in a
structured medium. In addition, water has the ability
to form hydrogen bonds with the hydroxyl groups in wood.
Hence, these two factors could produce a frictional
drag as water moves through wood and effectively re-
duce the flow rate.

Since it has never been proven conclusively that
hydrogen bonding ability is the reason for differences
in penetrability of liquids, other possibilities should
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not be prematurely ruled out. For example, the ability
of a liquid to form bubbles may be significant since it
is known that the presence of bubbles reduces the flow
rate because capillary pressure must be overcome during
impregnation (30). 1In this regard, there is a funda-
mental difference between water and organic liquids
since it has been shown that stabilized gas micro-
nuclei exists in the former but not in the latter (31).
Hence, water would have a tendency to form bubbles
whereas organic liquids would not. Another possible
explanation of the difference between the two liquids
has been advanced by Bailey and Preston (32). They
contend that the difference is attributable to the de-
position of hydrophobic material in the pores which
effectively increases the contact angle for water. As
a result, more pressure is required to impregnate wood
in accordance with Jurins equation (30).

The above are only 3 possible factors which could
influence the penetrability of liquids into wood.
Other possibilities are: a) surface tension, b) molec-
ular size, c¢) chemical activity, d) solvency, and
e) ability to swell wood. Some of these factors may be
operative in treatments with propylene oxide which have
been carried out by Rowell (33). In this study, he
used a mixture of 95% propylene oxide and 5% triethyl-
amine (v/v). He was able to completely treat southern
pine and red pine heartwood, both of which were classi-
fied as being refractory. This work clearly shows that
with the proper treating medium, heartwood can be fully
penetrated.

In summary, it can be concluded that the treating
liquid characteristics have a significant influence on

the treatment results. Consequently, a better under-
standing of the factors which affect penetrability could
lead to improved treatment methods.

Liquid Contamination. As treating solutions are
continuously reused, they become contaminated with par-
ticulate matter from chemical reactions and extraneous
sources. It has been shown that this particulate mat-
ter can significantly reduce the penetration of pre-
servative solutions into wood. Consequently, it appears
that methods for continuously removing particulate mat-

ter could result in improved penetration of preserva-
tive solutions.

Chemical Additives. Previous research has shown
that the addition of chemicals to water has an effect
on its ability to penetrate wood (7). 1In this regard,
standard preservative chemicals and wood extractives
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tend to reduce the flow of liquids in wood. Hence,
proper selection of chemicals and the removal of ex-
tractives could insure that the treatment is maximized.
The fact that there is a significant difference
in the penetrability of polar and non-polar liquids
suggests that alterations of treating solutions with
additives may be a method of improving treatment. In
this regard, Buckman, et. al. (28) and Hartmann-Dick
(20) have shown that the flow of water in wood can be
significantly increased by the addition of the zinc
chloride. The reason for this improvement is not
known, but it suggests that there may be some potential
in this area and other additives should be investi-
gated.

Biological Treatments. The possibility of using
biological treatments to increase the permeability of
wood has received considerable attention by researchers.
In general, this type of treatment can be separated
into 3 categories; namely, a) treatment with fungi,

b) treatment with bacteria, and c) enzyme treatments.

Treatment with Fungi. The use of fungi to in-
crease the permeability of wood was initiated by
Lindgren and Harvey (34) and Blew (35). 1In these
studies, Trichoderma mold was used to increase the per-
meability of southern pine sapwood. Following this work,
other studies were conducted with Douglas fir (36, 37),
jack pine (38), and spruce and aspen (39). All of
these studies involved the use of Trichoderma mold.
However, in a later study by Erickson and Depreitas
(40), Gliocladium fusarium, and Chaetomium were used
along with Trichoderma.

Improved penetration, higher preservative reten-
tion, and more uniform treatments were the general
rule in the above studies. Furthermore, the results
were similar among the species of fungi tested.

The mechanism for increasing permeability is il-
lustrated in Figure 1. This shows a fungal hyphae
growing inside a cell lumen and a branch has formed at
the pit aperature so that it can penetrate into the
next cell. If this occurs frequently enough, it would
effectively increase the permeability.

There are two major limitations in the processes
described above. First of all, the fact that these
fungi are effective only in the sapwood, which in most
instances is readily treatable, reduces its usefulness.
Secondly, it has been shown by Johnson and Gjovik (41)
that extraneous bacteria, rather than fungi, may
actually be responsible for the pit membrane degradation.
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Consequently, it does not appear that this particular
approach will prove to be practical in commercial ap-
plications.

Since it has been shown that the degradation of
the pit membranes in wood is the most logical method
of increasing permeability, fungi must be capable of
attacking this structure in order to be successful.
As is shown in Figure 1, the fungal hyphae are able to
locate and penetrate the pit membrane so this is a
viable method. Because the heartwood pits contain
polyphenolic substances, the fungi must degrade these
compounds. In this regard, the work by Kirk (42) is
significant. Kirk has found that the fungus Phanero-
chaete chrysosporium readily degrades lignin. Hence,

it might be possible to use this or a similar fungus
to improve the permeability of wood. Since it may be
desirable to degrade the cellulose as well as poly-
phenolic compounds, it might be necessary to use a
mixed culture (43). That such a fungus exists was
verified by Greaves and Barnicle (44) when they dis-
covered that a fungus was responsible for the in-
creased permeability of karri heartwood by selective
attack on the pit membrane and wood rays.

If the right fungi could be found, then it may be
possible to pre-treat wood with a spore suspension
which would be allowed to react sufficiently to open
up the structure before treatment. This, of course,
assumes that the fungi will sufficiently degrade the
pit membranes before significantly damaging the cell
wall structure and cause excessive strength loss. This
may be possible because of the accessibility of the pit
membranes. Furthermore, the incubation period must be
relatively short in order for such a process to be
feasible. Kirk (42) indicates that these reactions
proceed rapidly under the proper conditions so this may
not be a serious problem.

In order to make it feasible to treat heartwood to
satisfactory depths, it may be necessary to incise with
an open pattern prior to applying this spore suspension
Since this could be done in a single operation, it
would be economically attractive. Such a system might
provide a means of achieving a uniform preservative
distribution, which is currently not possible with in-
cising alone without incurring excessive damage to the
wood.

Treatment with Bacteria. Several years ago, it
was discovered that the permeability of wood was in-
creased by bacterial attack when logs were soaked in
water for a period of time (45). Following this,
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additional studies were conducted to determine which
bacteria were involved, their mode of action and opti-
mum operating conditions (11, 12, 46, 47, 48, 45, 49,
50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61).

In pine, it was found that Bacillus polymyxa was
the major species involved (45, 55), whereas, in
spruce the major species were Bacillus subtilis and
Flavobacterium pectinovorum (49). In another study
(53), Clostridium omelianskii was identified as the
species attacking softwoods. In all studies, it was
found that the bacterial attack on the pit membranes
was the reason for increased permeability of the wood.
Furthermore, it was shown by Fogarty and Ward (49)
that bacteria degraded the pit membranes by excreting
the enzymes amylase xylanase, and pectinase. A
typical sapwood pit membrane that has been attacked by
bacteria is shown in Figure 2. As can be seen, the
torus is severely degraded and has well defined open-
ings.

The important thing to remember in most of these
experiments is that the bacteria have been used to im-
prove the permeability of sapwood. For species like
Sitka spruce which has sapwood that is impermeable to
creosote, this type of treatment may prove to be com-
mercially feasible. However, in order to fully ex-
ploit this method for increasing permeability, it will
be necessary to find bacteria which have the ability to
degrade heartwood pit membranes. Indeed, this may be
possible since Greaves (50) has shown that some bac-
teria can increase the permeability of heartwood. 1In
addition to this, it would be desirable to accelerate
the reaction as much as possible in order to make it
compatible with a commercial operation.

Possible strength loss is important whenever an
attempt is made to increase the permeability of wood.
Variable effects have been reported by researchers.
For example, Bauch, et. al. (11, 12) and Unligil (58)
observed a significant reduction in the impact strength
of wood that had been ponded to improve permeability.
On the other hand, Dunleavy and Fogarty (48) reported
no significant strength loss in spruce poles that were
exposed to bacterial attack. The reason for this dif-
ference in results may be due to the bacterial species
involved. Greaves (51) studied this in detail and
found that some bacteria were able to increase the per-
meability of wood without affecting the strength. Con-
versely, other bacteria were able to increase the per-
meability but at the same time they decreased the
strength significantly. This difference may also be
due to the presence of other microorganisms since one
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Figure 1. A fungal hyphae growing inside the lumen of a tracheid. Note how
the hyphae is branched to penetrate the pit membrane. (Courtesy of 1. B. Sachs)

Figure 2. A sapwood pit membrane that has been degraded by bacteria. (Cour-
tesy of I. B. Sachs)
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Figure 3. A Douglas-fir sapwood pit membrane which has been degraded by
pectinase. (Courtesy of 1. B. Sachs)

study (59) revealed that the increased permeability
was due to fungi rather than bacteria.

Enzymes. Since both bacteria and fungi utilize
enzymes to degrade the pit membrane in wood, it is not
surprising that treatment with isolated enzymes pro-

duces similar effects. This was shown to be the case
by Nicholas and Thomas (26) using cellulase, hemi-
cellulase and pectinase. Similar results were sub-

sequently obtained by other researchers (62, 63, 64,
65).

In a recent study by Tshernitz (25), it was veri-
fied that enzymes could be used to increase the per-
meability of Rocky Mountain Douglas fir. By pretreat-
ing the wood with pectinase, a completely uniform
treatment of the sapwood zone was possible with creo-
sote. This is in contrast to erratic treatment nor-
mally obtained when this material is treated. A
typical pit membrane which has been degraded by pec-
tinase is shown in Figure 3.

With regard to the effect of enzymes on the
strength of treated wood, the work by Meyer (65) indi-
cated that it is possible to significantly increase
the permeability of wood without any appreciable
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strength loss. Hence, it does not appear that this
would be a problem with the use of enzymes.

To date, it has not been possible to degrade

heartwood pit membranes with isolated enzymes. Since
co-factors are probably required (42), it appears that
use of a whole organism rather than isolated enzymes
may be required if the permeability of heartwood is to
be increased.
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Nonconventional Wood Preservation Methods

ROGER M. ROWELL
Forest Products Laboratory, P.O. Box 5130, Madison, Wis. 53705

A most effective way to extend the Nation's timber supply is
to use wood so that its service life is increased. The service
life of wood in hazardous use conditions can be increased
severalfold by the proper use of wood preservatives. It is esti-
mated that the preservative treatment of railway ties results in
an annual savings of 2.4 billion board feet of lumber and that,
if utility poles were not treated, an additional 20 million
mature trees of pole-stock quality softwoods would be needed each
year simply as replacements for those destroyed by decay and
termites.

Some 275 million cubic feet of wood are treated annually for
protection against decay fungi, insects, or marine borers. Never-
theless, losses to these agents are still large and may amount to
between $1 and $2 billion in the United States annually. These
losses may be attributed to either inadequate or no preservative
treatment. Although conventional preservatives are generally
effective, they are coming under increasing attack because of
their toxicity, so information is urgently needed on newer,
safer, more environmentally acceptable, effective preservatives.

All of the commercial wood preservatives presently used in
the United States are effective in preventing attack by micro-
organisms because of their toxic nature. Most of these preserva-
tives are classified as broad spectrum preservatives, that is,
effective against several different types of living systems.
Because of the toxic hazards and environmental concerns and be-
cause prevention of wood decay is needed if we are to extend our
timber resources by increasing its service life, we have investi-
gated alternative methods of wood preservation not based on
toxicity for their effectiveness.

This paper is not meant to present finished data as much as
it is to present ideas, concepts and research approaches in the
area of new methods for wood preservation. For this discussion,
a nonconventional preservation method will be defined simply as a
concept or process not presently in use but with future
potential.

American Chemical Sociel
I.Jhrary 47
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Controlling micro-organisms by means other than poisoning
them can be investigated by considering the basic needs of the
organism. In order for wood-destroying micro-organisms to
thrive, they require: (1) oxygen, (2) water, (3) food, including
all essential trace compounds, and (4) a favorable environment.
To eliminate any one of these will effectively control the growth
of the organism.

It is very difficult to restrict the oxygen from micro-
organisms so control measures based on this approach would prob-
ably be fruitless. Wood below the fiber saturation point does
not decay. Therefore, by restricting the amount of water in the
wood cell wall below the fiber saturation point, the micro-
organisms will not thrive.

Restricting or eliminating an essential component in the
micro-organism food chain such as metals, vitamins, etc., would
cause the organisms to look elsewhere for nourishment. Modifying
the wood so the organism did not recognize it as food would also
protect it from attack. Inhibiting the enzyme systems such as
the cellulases unique to those organisms capable of breaking wood
down would also protect the wood without the treatment being
harmful to humans.

The final consideration, a favorable environment, would
capitalize on creating a hostile environment for the organism.
For higher organisms that destroy wood, such as rodents, deer,
birds, etc., repellents, which are not toxic to the organisms,
but because of their smell, taste, or texture, cause the pro-
spective diner to leave the treated material alone. Changing
the pH of the wood or maintaining a temperature above or below
that required for organisms to thrive will effectively control
their growth. The problem with this approach is that some of the
conditions which are not favorable for the organisms are also not
favorable to maintain the desirable properties of the wood. For
example, at a low pH, the wood components undergo hydrolysis
causing severe strength losses.

In discussing concepts for preventing attack by organisms
not based on toxicity, the mechanism of effectiveness quite
likely is not based on any single mechanism, but a combination of
several factors. For example, in the discussion to follow on
chemical modification of wood, the mechanism for the protective
action may be due to: (a) blocking conformational sites required
for the highly specific enzyme-substrate reactions to take place,
(b) plugging holes in the lignin-hemicellulose shield protecting
the cellulose, (c) stabilizing labile polymer units which may be
the point of the fungus' first attack, (d) removal of soluble
chemicals in the wood which are required by the micro-organisms
to start or sustain the attack, (e) changing the wood-water
relationship as to be inimicable to microbial life, and
(f) combinations of these or other possibilities.
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Research Approaches

A. Irradiation. Ponderosa pine, red and white oak, sweetgum
and Douglas-fir have been treated with highly penetrating gamma
radiation emitted by Cobalt®0 in an attempt to alter the polymer
structure of the wood. After irradiation of the wood, the decay
resistance was determined using: (a) the soil-block test
employing the fungus Poria monticola (Poria placenta) (Madison
698) (1) or agar-block tests using Lenzites trabea (Gloeophyllum
trabeum) (Madison 617) (2). Radiation levels from 104-10/ reps
showed no change in decay resistance in the irradiated wood over
nonirradiated control blocks. It has been found by several
workers (3-5) that the primary effects of high-energy radiation
on wood polymers are depolymerization, decrystallization, and
degradation. It would be expected that the effects of irradiation
would cause a decrease in the decay resistance of wood rather
than an increase.

B. Thiamine Destruction. Farrer (6) showed that one of the
essential metabolites for fungal growth, thiamine, was destroyed
in 2 hours at 100°C at pH 7. At the same temperature but at pH 8,
destruction was complete in 1 hour and at pH 9 in 15 minutes.
These results encouraged Baechler, et al. (7,8) to treat wood
with either ammonia or sodium hydroxide to presumably destroy the
thiamine, thus protecting wood by removing an essential trace
compound so long as outside sources of thiamine were excluded.

Douglas-fir, birch, southern pine, and sweetgum blocks were
treated with 17 aqueous ammonia or sodium hydroxide for various
times, temperatures, and pressures (9). These samples were sub-
mitted to soil-block tests with two brown-rot fungi Poria
monticola (Madison 698) and Lentinus lepideus (Madison 534) and
two white-rot fungi Polyporus versicolor (Coriolus versicolor)
(Madison 697) and P. anceps (F 784-5) as well as outside exposure
tests (10). In the soil-block tests, the treated wood was
resistant to the two brown rotters, but was not resistant to the
two white rotters. In the outdoor stake tests, the average life-
time was 3.5 years while untreated controls had an average life-
time of 3.6 years. The outdoor tests show that there is no in-
crease in rot resistance by this treatment.

C. Heat Treatments. Several woods have been heated under
wet and dry heating conditions to determine the effect heat has
on the decay resistance of these woods. Alaska-cedar, Atlantic
white-cedar, bald cypress, Douglas-fir, mahogany, redwood, white
oak, Sitka spruce, and western redcedar were heated under dry
conditions or wet conditions at temperatures of 80-180°C for
varying lengths of time. Boyce (1l1) found that dry heat at 100°C
or steam heat at 120°C for 20 minutes had no effect on the decay
resistance. Similar results were observed by Scheffer and Eslyn
(12) in soil-block tests with Lenzites trabea for the heated
softwoods and Polyporus versicolor for the heated hardwoods.
Thus, heat treatments do not increase the decay resistance of the
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heat-treated wood. In some cases, a slight loss in decay re-
sistance was observed.

D. Plastic Composites. Many different woods have been
treated with organic monomers and the monomers catalytically
polymerized within the wood structure. The subject of treating
wood to form plastic composites is covered by Dr. John Meyer in
another section of this publication. For the most part, these
composites have been prepared and studied for their use in dimen-
sional-stabilized products (for example, see 13-17).

Southern pine, Douglas-fir, and yellow poplar stakes were
impregnated with phenolic resin and cured (impreg) or impregnated
with phenolic resin, compressed, and cured (compreg). Separate
samples were treated with urea-formaldehyde and cured. These
samples were placed in the ground and their average lifetime
determined. The results are shown in Table I (18).

Table I. Average Lifetime of Resin-Impregnated
Wood in Ground Contact

Treatment Retention Average Life
Lb/ft Yr.
Control - 1.8-2.7
Impreg-phenolic resin 5 6.8-11.7
Impreg-phenolic resin 10 12.4-19.5
Compreg-phenol resin 10 19.5
Urea-formaldehyde 6 9.1

E. Repellents. It is questionable whether a repellent
would have any effect on micro-organisms, but they have been
studied for application for protecting wood against higher life
forms. The amount of damage to wooden structures each year by
animals is considerable.

The basic approach here is to repel the prospective diner,
not to kill it. Various repellents have been tested for differ-
ent animals (19). Solutions or slurries of these compounds have
been painted on wooden structures. Since no bonding to the wood
components takes place, these repellents are leached, volatilized,
broken down, and weathered out of the wood.

A new approach in this area is to encapsulate the repellent
in a resistant or slow release shell. This way there is very
little, if any, repellency until the animal comes into contact
with the wood. This contact causes the shell to be broken and
releases the repellent. The slow release type would slowly break
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down and release the repellent over a period of time depending on
the stability or weathering characteristics of the capsule. The
encapsulated chemicals could be added to a dispersant or paint
and applied to the wood surface. If the capsules could be made
small enough, deep penetration by pressure impregnation might be
possible.

F. Bound Toxins. Another approach to more environmentally
acceptable preservatives is to chemically bond a toxic compound
onto a wood component so that it cannot be leached out. The com-
pound, once reacted, would have to retain its toxic properties.
Compounds now used as wood preservatives are toxic to the
organism because they are ingested by the organism. If the toxic
compound were bound to the wood, they may be toxic to the organ-
ism only when ingested. Because of this, the approach of perma-
nently bound toxins may not be a fruitful research area.

It is also possible to react acid chlorides (20) or anhy-
dride-containing compounds so as to form ester bonds with
hydroxyl groups on one of the wood components. Ester bonds could
slowly hydrolyze and release the bound toxin. In this case, the
release of the preservatives would be a function of the rate of
hydrolysis and not directly related to weathering effects (for
example, water solubility, vapor pressure, UV degradation, etc.).
Controlled release fungicides based either on slow hydrolysis or
capsule erosion could greatly decrease the quantity of preserva-
tive needed to adequately protect a wooden structure, since
leaching could be controlled.

G. Metabolic Difference. Micro-organisms attack wood by
secreting enzymes into the immediate structure which in turn
break down the wood components into small, soluble units that
become nutrients for the organism. The main destructive enzyme
system the wood-rotters contain is a class of proteins known as
cellulases. These enzymes break down *he polymeric cellulose,
the strong backbone of wood, into digestible units. Humans do
not possess this enzyme system; consequently, we cannot degrade
cellulose-containing materials.

Capitalizing on this metabolic difference between higher
forms of life and micro-organisms is the basis for this research
approach to wood protection. Compounds are available which in-
hibit the cellulase enzyme systems; however, their specificity
has not been determined. Mandels and Reese (21,22) found that
the extracts from the immature fruit of persimmon or the extract
from leaves of bayberry were very effective inhibitors of the
cellulase system. At concentration levels of .00005 and .00018%,
respectively, these two extracts inhibited the cellulase enzymes
isolated from Trichoderma viride. It is not known what the
active component(s) are in these two extracts.

New materials need to be investigated as possible specific
inhibitors to the cellulase enzymes. This research approach will
require the screening of chemicals against pure enzyme solutions
of known activity. Specificity must be determined using a
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variety of human-type enzymes such as transferases, phosphory-
lases, dehydrogenases, etc. Ultimate success will depend on
finding compounds which are only inhibitory to the cellulase
enzymes.

A more basic approach to this area would be to study the
cellulase enzymes themselves. If the active sites and true nature
of this protein were known, selective inhibition could be deter-
mined.

H. Chemical Modification. The chemical modification of
wood involves a chemical reaction between some reactive part of a
wood component and a simple single chemical reagent, with or with-
out catalyst, to form a covalent bond between the two. The wood
component may be cellulose, hemicellulose, or lignin. The
objective of the reaction is to render the wood decay resistant.
The mechanism of the effectiveness is not known, but some possible
explanations were given earlier.

By far the most abundant reactive chemical sites in wood are
the hydroxyl groups on cellulose, hemicellulose, and lignin. The
types of covalent chemical bonds of the carbon-oxygen-carbon type
that are of major importance are ethers, acetals, and esters.

The ether bond is stable to bases, but labile to acids, and the
ester bond is labile to both acids and bases.

The treated wood must still possess the desirable properties
of untreated wood; the strength must remain high, little or no
color change (unless a color change is desirable), good electri-
cal insulator, not dangerous to handle, gluable, paintable, etc.
For this reason, the chemicals to be considered for the modifi-
cation of wood must be capable of reacting with wood hydroxyl
groups under neutral or mildly alkaline .onditions at tempera-
tures below 120°C. The chemical system should be simple and capa-
ble of swelling the wood structure to facilitate penetration.

The complete reagent molecules should react quickly with the wood
components yielding stable chemical bonds that will resist
weathering (23,24).

These chemicals, once reacted, are effective in preventing
attack by micro-organisms, but they are not toxic to the decay
organisms. The important factor in preventing attack is to attain
a treatment level which inhibits the growth of the organisms. A
recent review on this subject (23) shows that reaction with acetic
anhydride, dimethyl sulfate, acrylonitrile, butylene oxide,
phenyl isocyanate, and B-propiolactone all give good rot resist-
ance at 17-25 weight percent gain (WPG). The exception to this
is formaldehyde where a 2-5 WPG gives decay resistance. In this
case, there may be crosslinking of larger wood units which gives
it different properties (25).

Figure 1 shows that the decay resistance of acetylated wood
is directly proportional to the WPG (26). The degree of dimen-
sional stability is also proportional to the WPG so the exclusion
of cell wall or biological water may be a very important factor
in the decay resistance mechanism.
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The average service life of acetylated yellow birch and
cyanoethylated southern pine stakes in ground contact is shown
in Table II (27).

Table II. Average Lifetime of Chemically Modified
Wood in Ground Contact

Treatment Level (WPG) Average Life (Years)
Control - 2.7
Acetylation 19.2 17.5
Control - 3.6
Cyanoethylation 11 3.9
Cyanoethylation 15 5.3

In preliminary tests, alkylene oxide-treated southern pine
(28) was found to be resistant to termite attack and attack from
the marine borers, Teredo (shipworm) and Limnoria.

I. Basic Mechanism of Attack. The ultimate solution for
preventing attack by micro-organisms will come once we know how
an organism breaks wood down. How does the organism know wood is
something to eat? What does it recognize first to start the
attack? What enzymes are vital in the initial and sustained
attack? Is there a specific weak link in those important enzymes
that can be used to develop selective inhibitors?

It is also possible that enzymatic reactions are not the
only degrading reactions in the deterioration of wood by organ-
isms. Figure 2 shows in the left hand graph that only a 10-15%
weight loss occurs in the first 2 weeks of attack by brown-rot
fungi. The graph on the right, however, shows that with only a
10% weight loss, there is a drop in the average degree of poly-
merization of the holocellulose from 1,600 to 400 (29). This
represents a four-fold decrease in DP, which affects the strength
of the wood with very little total weight loss.

These results would indicate that, at least in the initial
attack, hydrolytic chemical reactions play an important part.

It has been suggested that hydrogen peroxide and iron are the
cause of this rapid depolymerization (30). It is possible that
the initial attack by micro-organisms is not enzymatic but hydro-
lytic and oxidative in nature. If this is true, then a preserva-
tive system could be based on anti-oxidant properties of the
chemical. If the initial attack can be stopped, then the total
attack has been stopped. It is also possible that the initial
and sustained attacks are caused by a combination of chemical
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(hydrolytic, oxidative, etc.) and enzymatic reactions.
Conclusions

The purpose of this paper was to plant seeds for thought in
the area of new methods of wood preservation, which are not based
on broad spectrum toxicity for their effectiveness. The present
concern for our environment has created the opportunity for re-
search in this area to find alternative wood preservatives which
are effective in preventing attack by organisms and, at the same
time, not harmful to the environment or man.

Chemical modification of wood does result in a treatment
which is nontoxic, effective, and nonleachable. The high chemi-
cal treatment level required for effectiveness, however, results
in a rather expensive treatment. Dimensional stability is also
obtained at these high (17-25 WPG) substitution levels so, for
those products where both rot resistance and dimensional
stability are important, the present state of the technology is
close to a viable industrial process.

Toxic chemicals which are permanently bound to the wood com-
ponents may be an environmentally acceptable preservation method.
The actual effectiveness of a bound toxicant, however, still
needs to be investigated.

The encapsulation of preservatives is another interesting
area for research. Procedures for encapsulation, capsule
properties, and capsule size are important factors to be deter-
mined. Slow release fungicides by means of hydrolyzable link-
ages is also an interesting possibility.

Basic knowledge of the nature of the attack of micro-
organisms on wood, the enzymes involved which are unique to
micro-organisms, the chemical reaction which takes place in the
initial and sustained attack, and an investigation of specific
inhibitors for these reactions is the most promising long-range
approach.
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Thermal Deterioration of Wood

FRED SHAFIZADEH and PETER P. S. CHIN
Wood Chemistry Laboratory, University of Montana, Missoula, Mont. 59801

When wood is heated at elevated temperatures, it will show
a permanent loss of strength resulting from chemical changes in
its components. The thermal decomposition can start at tempera-
tures below 100°C if wood is heated for an extended period of
time. Figure 1 shows that wood heated at 120° Tloses 10% of its
strength in about one month, but it takes only one week to obtain
the same loss of strength if it is heated at 140° (1). Heating
at higher temperatures gives volatile decomposition products and
a charred residue. The pyrolytic reactions and products control
the combustion process and relate to the problems of cellulosic
fires, chemical conversion of cellulosic wastes and utilization
of wood residues as an alternative energy source. In our lab-
oratory, the pyrolytic reactions of wood and its major compo-
nents have been investigated by a variety of analytical methods.

Thermal analysis of cottonwood and its major components (2),
as shown in Figures 2 and 3, indicates that the thermal behavior
of wood reflects the sum of the thermal responses of its three
major components, cellulose, hemicellulose (xylan) and Tignin.
A11 these substrates are initially dried on heating at 50-100°.
The hemicellulose component is the least stable and decomposes
at 225-325°. Cellulose decomposes at higher temperatures with-
in the narrower range of 325-375°. Lignin, however, decomposes
gradually within the temperature range of 250-500°. The cell
wall polysaccharides provide most of the volatile pyrolysis pro-
ducts, while lignin predominantly forms a charred residue. Since
the thermal reactions of the wood components are highly complex
and additive, they have been studied individually.

Among the three major components, the pyrolysis reactions of
cellulose have been most extensively studied. At temperatures
above 300°, rapid cleavage of the glycosidic bond takes place,

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch005

58

Exo —

AT

—————— Endo

‘WOOD TECHNOLOGY: CHEMICAL ASPECTS

10 yrs. |

1 month

1 week

1 day

Log of heating time (hr)

Journal of the Forest Products
Research Society

Figure 1. Effect of time and tempera-

ture on the modulus of elasticity of 1min, |
uIOOd (A) 10%, (B) 20%, and (C) 40% 100 5 i % 780
loss of modulus of elasthty (1). Temp. (°C)
“~
“ .—’—'—“‘"'—o—-—-"". \’ '\. Hood
\.__./ \.~.___.—. '\

'\.. Lignin

Cellulose

Xylan

1 1 1 1 1

50 150 250 350 450
Temperature (°C)

Figure 2. Differential thermal analysis of wood and its components

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch005

5.

SHAFIZADEH AND CHIN

Thermal Deterioration

100

=TI
. Acid Tignin
.u.... /
3 Milled wood ~***==.
g e Tignin
2 50 1 \'\.\'
ey % §'~v\
=
=4
g Cellulose
~., Wood
\‘;":‘:"ln(.l'ulnv-.nu
0 L L I ~.
100 200 300 400 500
Figure 3. Thermogravimetry of wood and its components
'_-V__—‘
a b c d e £
A i A A A '
5 10 15 20 25 30 min,
110 130 150 170 190 210 230 °cC

Retention time (min)
Temperature (degrees)

Figure 4. Chromatogram of cellulose pyrolysis tar after reduction

with NaBH ;: a, unknown; b, 1,6-anhydro-g-p-glucopyranose; c, 1,6-an-

hydro-B-p-glucofuranose; d, 3-deoxyhexitols; e, p-glucitol; f, oligosac-
charide derivatives

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.

59



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch005

60 WOOD TECHNOLOGY: CHEMICAL ASPECTS

producing 1,6-anhydro-8 -D-glucopyranose (levoglucosan) and other
tarry pyrolysis products that have been analyzed by chromato-
graphic methods (see Figure 4) and are listed in Table I (3).
This cleavage of glycosidic groups proceeds through a transgly-
cosylation mechanism with the participation of one of the free
hydroxy1 groups, producing mainly 1,6-anhydro-8 -D-glucopyranose,
which is more stable than other anhydro sugars. The tar fraction
also contains randomly linked oligo- and polysaccharides, pro-
duced by secondary transglycosylation and condensation reactions.
Pyrolysis of cellulose under vacuum gives a high yield of the
volatile products, particularly levoglucosan. At atmospheric
pressure, however, the yield of levoglucosan drops sharply, due
to further decomposition, which increases the yield of char.

The transglycosylation reactions are preceded and accom-
panied by dehydration and elimination reactions that produce wa-
ter and other dehydration products such as furan derivatives and
1,6-anhydro-3,4-dideoxy-8 -D-glycero-hex-3-enopyranos-2-ulose (le-
voglucosenone). The addition of acidic additives, such as phos-
phoric acid, diammonium phosphate, diphenyl phosphate and zinc
chloride, can significantly catalyze the latter reactions. This
is illustrated in Figure 5 and Table II. Figure 5 shows the en-
hanced yields of levoglucosenone and 2-furaldehyde due to the
addition of diphenyl phosphate, a strong Arrhenius acid, and
Table Il shows the effect of H3PO4 on promoting the production of
levoglucosenone from various D-glucose-containing materials in-
cluding pure cellulose, starch and wastepapers. The formation of
levoglucosenone from the pyrolytic dehydration of cellulose has
recently been reported by different laboratories (4-6). This
compound was believed to be produced through the formation of
levoglucosan as shown in Scheme 1, however, this is the subject
of some controversy (6,7). In summary, the thermal degradation
of cellulose in the temperature range of 300-350° can be de-
picted as shown in Scheme 2.

At higher temperatures, the intermediates, including levo-
glucosan and the condensation products further pyrolyze to give
various products by fission of the carbohydrate units and rear-
rangement of the intermediate products. Table III shows the pro-
ducts obtained from the pyrolysis of cellulose and treated cellu-
lose at 600° (8). The significant increase in the yields of wa-
ter and char and decrease in the yield of tar in the acid treated
cellulose verifies the previously mentioned promotion of dehydra-
tion and charring reactions by acidic additives.

The pyrolysis reactions involved in hemicellulose, i.e.,
xylan, are similar to those involved in cellulose pyrolysis.
Table IV shows the pyrolysis products formed from xylan at 300°
(9). The pyrolysis of xylan yields about 16% of tar which con-
tains 17% of a mixture of oligosaccharides. Upon acid hydroly-
sis, they give an approximately 54% yield of D-xylose. Structur-
al analysis of the polymers shows that they are branched-chain
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polymers, indicating that they are derived from random condensa-
tion of xylosyl units which are formed by cleavage of the glyco-
sidic groups similar to that occuring in cellulose pyrolysis.
The addition of a Lewis acid, i.e., ZnCl, significantly decreases
the production of tar and enhances the production of char due to
the enhanced dehydration reactions. At higher temperatures the
glycosyl units and the random condensation products are further
degraded to a variety of volatile products, as shown in Table V
(9). Comparison of this table with the high temperature pyroly-
sis products listed for cellulose in Table III shows that the
products of both fractions are basically similar. The signifi-
cant increase in the yields of 2-furaldehyde, water and char and
decrease in the yield of tar by the addition of ZnCl, verifies
the enhanced dehydration and is similar to observed gffects in
cellulose pyrolysis.

Compared with the pyrolysis of polysaccharides, the pyroly-
sis of lignin is relatively unexplored. While the thermal reac-
tions of Tignin occur over a wide temperature range of 250-500°,
the decomposition is most rapid between 310-420°, as indicated
by the yield of gas and distillate produced. Due to the complex
structure of lignin, the mechanism of its thermal degradation is
not well understood. Table VI Tists the major pyrolytic products
from Tignin (10). The most abundant product is char, a highly
condensed carbonaceous residue, obtained in about 55% yield. The
second fraction of the pyrolytic products is an aqueous distil-
late, produced in about 20% yield. It contains mainly water and
some methanol, acetone and acetic acid. The yield of methanol
for hardwood lignin is about 2%, twice as much as for softwood
1ignin because it contains a syringyl rather than guaiacyl struc-
ture. The yield of acetic acid from hardwood lignin is also sig-
nificantly higher than from softwood 1ignin; presumably it origi-
nates from the propanoid side chains. The third fraction of the
pyrolytic products is tar, which is produced in about 15% yield.
It is a mixture of phenolic compounds closely related to phenol-
guaiacol and 2,6-dimethoxy-phenol, with substituents at the posi-
tion para to the hydroxyl group. The last pyrolytic fraction in-
cludes volatile products such as CO, CHy» C02 and ethane, pro-
duced in about 12% yield.

The Tist of pyrolysis products of cottonwood shown in Table
VII (11) reflects the summation of the pyrolysis products of its
three major components. The higher yields of acetone, propenal,
methanol, acetic acid, C0,, water and char from cottonwood, as
compared to those obtainea from cellulose and xylan, are likely
attributed to lignin pyrolysis. Other results are similar to
those obtained from the pyrolysis of cell-wall polysaccharides.
This further verifies that there is no significant interaction
among the three major components during the thermal degradation
of wood.

The pyrolysis products of wood can be broadly grouped into
three categories as shown in Scheme 3, i.e., the combustible
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volatiles, tar and char. Upon further pyrolysis, tar is finally
converted to volatiles and char. In the presence of oxygen, the
combustible volatiles lead to flaming combustion while char re-
acts by glowing combustion.

The rate of combustible volatile formation can be measured
as a function of temperature by thermal evolution analysis (TEA).
This instrumentation utilizes a temperature programmed furnace
combined with a flame ionization detector which responds in a
predictable manner to the evolved gases. The TEA of cottonwood
is shown in Figure 6. It shows the evolution of combustible vol-
atiles in two overlapping stages due to the decomposition of
hemicellulose and cellulose fractions, respectively. A previous
study in our Tlaboratory revealed a good correlation between cal-
orific values of the pyrolysis products and their carbon con-
tents, as shown in Figure 7 (12). The TEA data can thus be used
for calculating the heat content of the volatiles. An example
is given in Figure 8 (13), which shows the original TEA data on
the scale on the left and the converted heat values on the right
for Douglas fir needles before and after a sequence of extrac-
tions. Part B of this figure is the original cumulative data,
and Part A is the data calculated for different temperature in-
tervals. This data is important in terms of predicting the flam-
mability of the samples, since it reflects the fraction of the
total heat content actually made available through gas phase com-
bustion to propagate the fire.

The charring of cell wall polysaccharides involves a series
of reactions including dehydration, condensation and carboniza-
tion. The dehydration and the effect of acidic additives in pro-
moting dehydration have been discussed. The dehydration products
further undergo condensation reactions, especially in the pre-
sence of ZnCl,. The unique effect of ZnCl, on promoting conden-
sation reactions is illustrated in Figure 5 (5), which shows
that the addition of ZnC1, significantly reduces the evaporation
of levoglucosenone by promoting the condensation of this dehy-
dration product to nonvolatile materials that are charred on fur-
ther heating. The carbonization reactions involve further elimi-
nation of the substituents, production of stable free radicals
and formation of new carbon bonds on further heating.

A study of the temperature dependence of free radical form-
ation of wood and its three major components by ESR is shown in
Figures 10-13. This data indicates that up to 350°, the free
radicals formed from heating of wood are mainly from cell wall
polysaccharides. Lignin, at this temperature range, generates
very small concentrations of free radicals. The addition of
acidic additives lowers the decomposition temperature of wood
and its components, including lignin. However, they promote free
radical formation only in the cell wall polysaccharides, not in
lignin. An exception is ZnC1, which produces a slight increase
in free radical formation in ?ignin at temperatures above 300°.
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The rate of free radical formation (— A—) and weight loss (-—/\——-) on heating xylan and treated xylan

Figure 11.
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Figure 13. The rate of free radical formation (— A—) and weight loss (~—/\—-) on heating of wood and treated wood
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This indicates that the thermal decomposition of lignin at temp-
eratures below 350° is heterolytic, most 1ikely occurring by the
cleavage of side chains. This is true in neat 1lignin as well as
in the presence of acid catalysts. However, the rate of free
radical formation of lignin samples increases sharply at 350°,
indicating the homolytic fission of 1lignin predominates at high-
er temperatures.

The ESR data from cell wall polysaccharides shows a two-
stage free radical formation; a low temperature free radical
formation stage which corresponds to the initial decomposition
of the carbohydrate polymers, and a high temperature free radi-
cal formation stage which corresponds to the final charring re-
actions between 300 and 350°. This two-stage free radical form-
ation phenomena is especially clear for the ZnCl, treated xylan
sample. This is due to the Tow decomposition témperature for
this sample, which produces a clear separation between these
two stages. These phenomena indicate that during the initial
decomposition of carbohydrate polymers, the heterolytic reactions,
such as transglycosylation, are accompanied by homolytic reac-
tions. The Tow temperature free radical formation is probably
associated with the dehydration and elimination reactions and
the condensation of unsaturated products. The increased rate of
high temperature free radical formation in cell wall polysaccha-
rides is accompanied by a small weight loss, indicating that this
free radical formation is caused by cracking of the bonds in the
char substrate rather than by cleavage of the substituents. The
free radical formation in wood is roughly the summation of that
for its three major components.

Tables VIII and IX are a brief summary of results from work
related to the use of cellulosic fuels as an energy source, both
in terms of propagation of fire and as a renewable alternative
energy source. Table VIII shows the heats of combustion of the
fuel and its pyrolysis products. Table IX shows the distribu-
tion of the heat content in the volatile and char fractions. The
energy released in the gas phase is much higher for cellulose
than for lignin, although the heats of combustion of 1ignin and
its gaseous pyrolysis products are much higher than those of cel-
lulose. Consequently, softwood, although its heat of combustion
is over 500 cal/g more than that of hardwood, produces very lit-
tle more heat in the gas phase. This is because the higher orig-
inal heat content of softwood is due to its higher lignin con-
tent.

These data also clearly point out the value of these fuels
as an energy source, either after carbonization or in their orig-
inal state.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.
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Appendix
TABLE I. ANALYSIS OF THE PYROLYSIS PRODUCTS OF CELLULOSE AT 300°
UNDER NITROGEN
1.5 Mm Hg,
Condition Atm. pressure 1.5 Mm Hg 5% SbC]3
Char 34.2% 17.8% 25.8%
Tar 19.1 55.8 32.5
levoglucosan 3.57 28.1 6.68
1,6-anhydro-g-D- 0.38 5.6 0.91
glucofuranose
D-glucose trace trace 2.68
hydrolyzable materials 6.08 20.9 11.8

TABLE II. VYIELDS OF LEVOGLUCOSENONE FROM THE PYROLYSIS OF
DIFFERENT MATERIALS AT 350°2
Material Neat (%) 5% H3P04-treated (%)
Cellulose 1.2 11.1
Starch 0.3 9.0
Newsprint (with ink) Tb 9.1
Kraft shopping bags T 10.2

a. Determined by pyrolyzing 5 mg samples and directly analyzing
the volatiles by GLC.

b. T = trace amount.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.
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TABLE III. PYROLYSIS PRODUCTS OF CELLULOSE AND TREATED

CELLULOSE AT 600°

4

+5% (NH4)2HP04 +5% ZnC'l2

Product Neat +5% H3P0
Acetaldehyde 1.5% 0.9
Furan 0.7 0.7
Propenal 0.8 0.4
Methanol 1.1 0.7
2-Methy1furan T 0.5
2,3-Butanedione 2.0 2.0
1-Hydroxy-2-
propanone

2.8 0.2
Glyoxal
Acetic acid 1.0 1.0
2-Furaldehyde 1.3 1.3
5-Methy1-2-
furaldehyde 0.5 1.1
Carbon
dioxide 6 5
Water 11 21
Char 5 24
Balance (tar) 66 41

0.4 1.0
0.5 3.2
0.2 T
0.9 0.5
0.5 2.1
1.6 1.2
T 0.4
0.9 0.8
1.3 2.1
1.0 0.3
6 3
26 23
35 31
26 31

aPercentage, yield based on the weight of the sample; T =

trace amounts.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
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TABLE IV. PYROLYSIS PRODUCTS OF XYLAN AND TREATED XYLAN

AT 300°
Product Neat +10% ZnC’l2
Liquid condensate 30.6° 45.3
Carbon dioxide 7.9 7.5
Char 31.1 42,2
Tar 15.7 3.2

High mol. wt. component (17)b
D-xylose from hydrolysis (54)c

%percentage, yield based on the weight of the sample.
Pgased on the weight of the tar

“Based on the weight of oligosaccharides.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
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TABLE V. PYROLYSIS PRODUCTS OF XYLAN AND TREATED XYLAN AT 500°

Product Xylan 0-Acetylxylan
Neat +10% ZnC12 Neat +10% ZnC12

Acetaldehyde 2.4% 0.1 1.0 1.9
Furan T 2.0 2.2 3.5
Acetone

} 0.3 T 1.4 T
Propionaldehyde
Methanol 1.3 1.0 1.0 1.0
2,3-Butanedione T T T T
1-Hydroxy-2-
propanone 0.4 T 0.5 T
3-Hydroxy-2-
butanone 0.6 T 0.6 T
Acetic acid 1.5 T 10.3 9.3
2-Furaldehyde 4.5 10.4 2.2 5.0
Carbon dioxide 8 7 8 6
Water 7 21 14 15
Char 10 26 10 23
Balance (tar) 64 32 49 35

%Percentage, yield based on the weight of the sample; T =
trace amounts.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.
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TABLE VII. PYROLYSIS PRODUCTS OF WOOD AND TREATED WOOD AT 600°

Product Neat +5% ZnCl2
Acetaldehyde 2.3% 4.4
Furan 1.6 7.9
Acetone

) } ' 1.5 0.9
Propionaldehyde
Propenal 3.2 0.9
Methanol 2.1 2.7
2-Methylfuran b b
2,3-Butanedione 2.0 1.0
1-Hydroxy-2-propanone 2.1 T
Glyoxal 2.2 T
Acetic acid 6.7 5.4
2-Furaldehyde 1.1 5.2
Formic acid 0.9 0.5
5-Methy1-2-furaldehyde 0.7 0.9
2-Furfuryl alcohol 0.5 T
Carbon dioxide 12 6
Water 18 18
Char 15 24
Balance (tar) 28 22

%percentage, yield based on the weight of the sample; T =
trace amounts.

ot clearly identifiable for wood.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
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Effect of Fire-Retardant Treatments on Performance

Properties of Wood

CARLTON A. HOLMES

Forest Products Laboratory, Forest Service, U.S. Dept. of Agriculture,
P.O. Box 5160, Madison, Wis. 53705

The one million fires in buildings in the United States
account for about two-thirds of the 12,000 people who die each
year in fires. The property loss in building fires is about
85 percent of the total annual $3 billion property loss in
fires (l). Building contents are often a primary source of fire
and are usually responsible for fire-related deaths before struc-
tural members become involved. Nevertheless, wood and wood-base
products, extensively used both as structural members and as in-
terior finish in housing and buildings, can be contributors to
fire destruction.

To reduce the contribution of wood to fire losses, much
research through the years has gone into development of fire-
retardant treatments for wood. A total of 21.3 million pounds of
fire-retardant chemicals were reported used in 1974 to treat
5.7 million cubic feet of wood products (2). The amount of wood
treated was about one tenth of 1 percent of the total domestic
production of lumber and plywood and has increased ninefold in
20 years.

How does our research stand in rendering wood fire retardant?
What is the effect of fire-retardant treatments on the fire per-
formance properties of wood and on the physical and mechanical
properties of wood that are important to its utility? Discussion
will be limited to fire retardancy obtained by pressure impreg-
nation, which is currently the most effective method. Fire-
retardant coatings, wood-plastic combinations, and chemical mod-
ifications of wood will not be considered.

Fire-Retardant Chemicals

Past research on fire retardants, including those for wood,
from about 1900 to 1968 is reviewed in John W. Lyons' compre-
hensive reference book, "The Chemistry and Uses of Fire Re-
tardants" (3). A more recent review by Goldstein (4) gives
additional information on fire-retardant chemicals and treatment
systems for wood and also discusses some of the topics of this

82
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present paper more thoroughly. These two references, together
with the older review by Browne (5), are recommended to the reader
as basic reviews on selection and chemistry of fire retardants for
wood. The chemistry of synergistic effects between chemicals in a
fire-retardant system is presented by Lyons (3); it was also dis-
cussed more recently by Juneja (6,7) and recommended by him as an
area of needed investigation.

Fire-retardant chemicals used by the commercial wood-treating
industry are limited almost exclusively to mono- and diammonium
phosphate, ammonium sulfate, borax, boric acid, and zinc chloride
(4,8). It is believed that some use is also made of the liquid
ammonium polyphosphates (9). Some additives such as sodium
dichromate as a corrosion inhibitor are also used. Aqueous fire-
retardant treatment solutions are usually formulated from two or
more of these chemicals to obtain the desired properties and cost
advantages. For leach-resistant type treatments, the literature
shows that some or all of the following are used: urea, melamine,
dicyandiamide, phosphoric acid, and formaldehyde (10-12).

Effect of Fire-Retardant Treatment
on Fire Performance Properties

What are the fire performance properties of untreated wood
and how are these properties altered by fire-retardant treatments?

Ignition

Wood, like all organic materials, chemically decomposes--
pyrolyzes--when subjected to high temperatures, and produces char
and pyrolysate vapors or gases. When these gases escape to and
from the wood surface and are mixed with air, they may ignite,
with or without a pilot flame, depending on temperature. Ig-
nition--the initiation of combustion--is evidenced by glowing on
the wood surface or by presence of flames above the surface.

The temperature of ignition is influenced by many factors
related to the wood under thermal exposure and the conditions of
its enviromment (5,13,14). Factors include species, density,
moisture content, thickness and surface area, surface absorp-
tivity, pyrolysis characteristics, thermoconductivity, specific
heat, and extractives content. Envirommental conditions af-
fecting temperature of ignition include duration and uniformity of
exposure, heating rate, oxygen supply, air circulation and venti-
lation, degree of confinement or space geometry surrounding the
exposed wood element or member, temperature and characteristics of
an adjacent or contacting material, and amount of radiant energy
present.

Reviews covering ignition of cellulosic solids by Kanury (13),
Beall and Eickner (15), Browne (5), and Matson et al. (14) report
a wide range of ignition temperatures obtained on wood, and
dependence on radiant or convective nature of heat. For radiant

In Wood Technology: Chemical Aspects; Goldstein, 1.;
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heating of cellulosic solids, Kanury (13) reports spontaneous
transient ignition at a critical temperature of 600°C with piloted
transient ignition at 300°C to 410°C. Persistent flaming ignition
is reported at a temperature greater than about 320°C.

With convective heating of wood under laboratory conditions,
spontaneous ignition is reported as low as 270°C and as high as
470°Cc (5,14,15). Spontaneous ignition of wood charcoal, which has
excellent absorption of oxygen and radiant heat, occurs between
150°C and 250°C (5). In one experiment on ignition, oven-dried
sticks of nine different species were ignited by pilot flame in
14.3 to 40 minutes when held at 180°C, in 4 to 9.5 minutes when
held at 250°C and in 0.3 to 0.5 minutes when held at 430°C (16).

Many field reports collected by Underwriters' Laboratories,
Inc. (UL) (14) show ignition occurring at or near 212°F (100°C) on
wood next to steam pipes or other hot materials. Laboratory
experiments have not been able to confirm these low ignition temp-
eratures (5,14,16,17). To provide a margin of safety, Under-
writers' Laboratories, Inc. suggests that wood not be exposed for
long periods of time at temperatures greater than 90°F (32°C)
above room temperature or 170°F (77°C). The National Fire Pro-
tection Association handbook (18) gives 200°C as the ignition
temperature of wood most commonly quoted, but gives 66°C as the
highest temperature to which wood can be continually exposed with-
out risk of ignition. McGuire (17) of the National Research
Council of Canada suggests that 100°C would be a satisfactory
choice of an upper limiting temperature for wood exposure.

Usually the fire-retardant treatment of wood slightly
increases the temperature at which ignition will take place.

There is evidence, however, that wood treated with some chemical
retardants at low retention levels will ignite (flame) or start
glowing combustion at slightly lower temperatures or irradiance
levels than does untreated wood (19,20), though sustained com-
bustion is usually prevented or hindered.

Thermal Degradation

An extensive review of the literature to 1958 on thermal
degradation of wood is given by Browne (5). Beall and Eickner (15)
and Goldstein (4) add additional review information on this complex
subject. Shafizadeh's (21) review of the pyrolysis and combustion
chemistry of cellulose gives a basis for understanding these
processes in wood and the effect of fire-retardant treatment on
these processes.

Browne (5) described the pyrolysis reactions and events which
occur in each of four temperature zones or ranges when solid wood
of appreciable thickness is exposed to heat in absence of air.

Zone A is below 200°C; Zone B, 200° to 280°C; Zone C, 280° to
500°C; and Zone D, above 500°C. These zones may be present simul-
taneously. When wood is heated in air, events occurring in these

In Wood Technology: Chemical Aspects; Goldstein, 1.;
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temperature zones include oxidation reactions and, after ignition,
combustion of the pyrolysis and oxidation products.

Goldstein (4) more simply divided the thermal degradation
processes into those occurring at low temperatures, below 200°C,
and those at high temperatures, above 200°C. Decomposition of
wood exposed to temperatures below 200°C is slow but measurable
(22,23). For example, the average loss in weight of 11 species
of wood was 2.7 percent in 1 year at 93°C and 21.4 percent in
102 hours at 167°C (22). Sound wood will not generally ignite
below 200°C since products evolved are mostly carbon dioxide and
water vapor.

High temperature degradation processes above 200°C include
rapid pyrolysis of the wood components, combustion of flammable
gases and tars, glowing of the char residue, and evolution of un-
burned gases, vapors, and smoke.

The most widely accepted theory of the mechanism of fire-
retardant chemicals in reducing flaming combustion of wood is that
the chemicals alter the pyrolysis reactions with formation of less
Some fire retardants start and end the chemical decomposition at
lower temperatures. Heat of combustion of the volatiles is re-
duced. Shafizadeh (21) suggests that a primary function of fire
retardants is to promote dehydration and charring of cellulose.
The normal degradation of cellulose to the flammable tar,
levoglucosan, is reduced and the charring of this compound is pro-
moted. Shafizadeh and coworkers used thermogravimetric (TG) and
thermal evolution analysis (TEA) data, to confirm two different
mechanisms involved in flameproofing cellulosic materials:

1) directing the pyrolysis reactions to produce char, water, and
carbon dioxide in place of flammable volatiles, and 2) preventing
the flaming combustion of these volatiles (27).

Fire Penetration

The property of a wood material or assembly to resist the
penetration of fire or to continue to perform a given structural
function, or both, is commonly termed fire resistance. The
measure of elapsed time that a material or assembly will exhibit
fire resistance under the specified conditions of test and per-
formance is called fire endurance. Large furnaces are used to
measure fire endurance of walls, floors, roofs, doors, columns,
and beams under the standard ASTM E119 (30) time-temperature
exposure conditions.

Wood has excellent natural resistance to fire penetration due
to its low thermal conductivity and to the characteristic of
forming an insulating layer of charcoal while burning. The wood
beneath the char still retains most of its original strength
properties.

In wood charring studies by Schaffer at the Forest Products
Laboratory (FPL) (31), 3-inch-thick pieces of wood were vertically
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exposed to fire on one surface. Rate of char development at
three constant fire exposure temperatures, 1,000°F (538°C)
1,500°F (816°C), and 1,700°F (927°C), was described by an
equation with an Arrhenius temperature-dependent rate constant.
When specimens were exposed to the uniformly increasing fire
temperatures of ASTM E119 (earlier linear portion of time-
temperature curve) (30), the rate of char development was
constant, after the more rapidly developed first 1/4 inch of char.
Under the standard ASTM fire exposure, temperatures 1/4 inch from
the specimen surface reached 1,400°F (760°C) at 15 minutes,
1,700°F (927°C) at 1 hour, and 1,850°F (1,010°C) at 2 hours (31).
When wood is exposed to these conditions, the first visual effect
of thermal degradation (Figure 1) is indicated by browning of the
wood at about 350°F to 400°F (175°C to 200°C). The temperature
which characterized the base of the char layer was 550°F (288°C).
After the first 1/4 inch of char development, the rate that this
char layer moved into the solid wood--the rate of fire pene-
tration--was about 38 millimeters per hour (1-1/2 in/hr).

Schaffer (31) found some differences in char development rate
in the three species studied, Douglas-fir, southern pine, and
white oak. Charring rate decreased with increase in dry specific
gravity and with increase in moisture content. He also found that
growth-ring orientation parallel to the exposed face resulted in
higher charring rates than when orientation was perpendicular to
the exposed face. In studies at the Joint Fire Research Organ-
ization in Great Britain (32) on rate of burning, increased
permeability along the grain was found to increase rate of char.

Schaffer (33) found that impregnations of southern pine with
certain fire-retardant and other chemicals did not significantly
change the rate of charring. Boric acid, borax, ammonium sulfate,
monosodium phosphate, potassium carbonate, and sodium hydroxide
variously reduced the rate of charring after 20 minutes of fire
exposure by about 20 percent over untreated wood. Only poly-
ethylene glycol 1,000 reduced the rate of charring over the entire
period of fire exposure by about 25 percent over untreated wood.
Tetrakis (hydroxymethyl) phosphonium chloride with urea, dicy-
andiamide with phosphoric acid, monoammonium phosphate, zinc
chloride, and sodium chloride had no effect on charring rate.

Commercial fire-retardant treatments generally do not add
significantly to the fire endurance of assemblies. It is often
more advantageous from the cost standpoint, either to use thicker
wood members or to select species with lower charring rates, than
to add the cost of the fire-retardant treatment. In some as-
semblies, however, it has been found worthwhile to use some fire-
retardant-treated components in order to gain the extra time which
will bring the fire endurance time up to the goal desired. For
example, treated wood studs in walls and treated rails, stiles,
and cross bands in solid wood doors have been used.
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Flame Spread

In the ASTM E84 25-foot tunnel furnace test (34) for
measuring flame spread of building materials, an igniting pilot
flame is applied to the underside of a horizontally mounted
specimen, The flame heats the combustible material to pyrolysis,
and the flammable gases given off are ignited by the pilot flame.
If the pyrolysis-combustion process becomes exothermic, the
flaming on the specimen becomes self-propagating. A flame-spread
classification or rating number is calculated from the time-
distance progress of the flame along the length of the specimen
surface.

The flame-spread number is derived relative to red oak (with
an arbitrary flame-spread rating of 100) and to asbestos-cement
board (rated zero). Natural wood products (l-inch lumber) usually
have flame-spread ratings of 100 to 150 in the test furnace of
Underwriters' Laboratories, Inc. (35). Some exceptions are poplar
(170-185), western hemlock (60-75), redwood (70), and northern
spruce (65).

Wood well treated with current commercial fire-retardant
impregnation treatments will have flame-spread ratings of 25 or
less. Many treated wood products have obtained a special marking
or designation "FR-S" from UL (36) for having a flame-spread, fuel-
contributed, and smoke-developed classification of not over 25 and
no evidence of significant progressive combustion in an extended
30-minute ASTM E84 (34) test procedure. The fuel-contributed and
smoke-developed classifications are also calculated relative to
performance of red oak and asbestos-cement board.

Eickner and Schaffer (10) found that monoammonium phosphate
(Figure 2) was the most effective of different fire-retardant
chemicals in reducing the flame-spread index of Douglas-fir
plywood. They used the 8-foot tunnel furnace of ASTM E286 (37).
The untreated plywood had a flame-spread index of 115. This was
reduced to about 55 at a chemical retention of 2 pounds per cubic
foot, to 35 at 3 pounds, 20 at 4 pounds, and to about 15 at
retentions of 4.5 pounds and higher. Zinc chloride was next in
effectiveness but required higher retention levels to reduce the
flame-spread index values equivalent to monoammonium phosphate.

It required 5.5 pounds of zinc chloride to reduce flame spread to
35, and 7 pounds to reduce flame spread to 25. Ammonium sulfate
and borates were as effective as zinc chloride at retentions of
about 4.5 pounds per cubic foot and lower but not as effective at
higher retention levels. Boric acid had some effectiveness in
reducing flame spread. It was equivalent to zinc chloride,
ammonium sulfate, and the borates at a retention of about 2 pounds
per cubic foot, but much less effective at high retention levels.
A retention of 6 pounds per cubic foot reduced the flame-spread
index of the plywood to only 60.

In many laboratories, flame-spread tests of different types
have consistently shown that the current acceptable treatments will
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Figure 1. Fire penetration into wood and formation
of char layer under the fire exposure conditions of
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Figure 2. Relationship of flame spread to level of chemical reten-
tion in 8/8-in. Douglas-fir plywood evaluated by the 8-ft tunnel
furnace method

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch006

6. HOLMES Fire-Retardant Treatment 89

prevent flaming combustion of the wood and prevent spread of fire
over the surface. Wood, properly treated, will be self-
extinguishing of both flaming and glowing once the primary source
of heat and fire is removed or exhausted.

Glowing

Glowing is the visual evidence of combustion of the carbon in
the char layer of the burning wood. If flaming of the released
combustible gases has ceased, the glowing of the char is usually
termed afterglow.

Of the several possible oxidation reactions in glowing
combustion, both Browne (5) and Lyons (3) in their reviews show
one possibility to be a two-stage reaction:

(1) Cc+ 5‘502 + CO + 26.43 kilocalories per mole
(2) co + %02 > COZ + 67.96 kilocalories per mole

The first reaction occurs on the surface of the char and the
second is a gas-phase reaction.

Wood that has been effectively treated should mot exhibit any
afterglowing. Reviews (3,5) covering the subject of glowing point
out that the mechanism involved in glow retardance is not clear.
Both physical and chemical theories have been suggested. Physical
methods include the exclusion of oxygen from the carbonaceous char
by formation of coatings of the fire retardant during the com-
bustion process or by a cooling effect due to the fire retardant.
The chemical theory with the most supporting evidence indicates
that effective glow retardance increases the ratio of CO to C02.

If the reaction can be directed mostly to the monoxide, step (1)
above, the heat liberated is only 28 percent of that given off when
the reaction continues to the dioxide. Thus glowing may be
eliminated by an insufficient amount of heat to continue
combustion.

Effective glow retardants for wood are the ammonium
phosphates, ammonium borates, boric acid, phosphoric acid, and
compounds that yield phosphoric acid during pyrolysis (3,5).

Some chemicals that are reported to stimulate glowing are
chromates, molybdates, halides of chromium, manganese, cobalt and
copper, and ferric and stannic oxides (5,10). Chemicals found to
be ineffective in retarding afterglow in a limited study were
ammonium sulfate and sodium borates (10).

Combustion Products

The combustion products of burning wood--smoke and gases--are
becoming of increased importance. Code and building officials,
builders, producers of building materials and furnishings, and all
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engaged in fire research are being directed by public interest and
scrutiny toward a greater concern for the real hazard to life
safety of building materials in a fire situaticn. A study
conducted by the National Fire Protection Association (18) of

311 fatal fires in one- and two-family dwellings, including mobile
homes and recreational vehicles, revealed that 73.6 percent of the
deaths were caused by products of combustion resulting in
asphyxiation or anoxia. In a study of fire fatalities that
occurred in the state of Maryland, a Johns Hopkins University
group (38) found that carbon monoxide was not only the predomirant
factor in hindering escape from the fire scene but was also the
primary agent in the cause of death in 50 percent of the 129 cases.
It was also a major contributor to death in ancther 30 percent of
the cases in combination with heart disease, alcohol in the blood,
and burns.

Visibility in a burning building is extremely important.
Smoke can obscure vision and exits, thereby retarding escape
and resulting in panic. It also hinders the work of firefighters.
The particular fraction of smoke, exclusive of any combustion
gases, acts as an irritant to the respiratory system and may also
result in hypoxia and collapse (39).

Smoke from untreated wood.--For research purposes, there are
several methods used for measuring smoke developed by burning
building materials (40). These tests generally measure the
visible smoke products. One method of smoke determination being
used for building code purposes is the 25-foot tunnel furnace
method of ASTM E84 which yields a smoke-developed rating
relative to red oak. Because the test is conducted under a strong
flame, the results are not always indicative of performance in a
building fire where materials may have some high-temperature
exposure without the presence of flames.

During the last decade, the National Bureau of Standards
(NBS) and other laboratories worked to develop a meaningful test
method for measuring the smoke development potential of burning
wood and other building materials. The method developed at NBS
is now extensively used (41,42). This method thermally exposes
a small sample in a closed chamber and supplies a specific optical
density based on light transmission, light path length, burning
area, and volume of enclosure. It is intended to relate to light
obscuration and the hindrance in finding exits. This method has
been accepted as a standard by the National Fire Protection
Association (43) and is expected to be accepted by others and more
widely used for rating building materials for regulatory purposes.

The chemical makeup of the combustion products, including
aerosols and particulates, will change with burning conditions and
the complex processes result in complex mixtures of products (28).
More smoke is produced under nonflaming combustion than under
flaming combustion. The complexity of the smoke is indicated by
the fact that over 200 compounds have been found in the destructive
distillation of wood by Goos (45).
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In complete combustion, the products from burning wood are
carbon dioxide, water, and ash. Other gases and vapors that may
be present due to incomplete combustion include carbon monoxide,
methane, formic acid, acetic acid, glyoxal, and saturated and
unsaturated hydrocarbons (46). The aerosols can also contain
various liquids such as levoglucosan and complex mixtures. The
solids can consist of unburned carbon particles and high-molecular-
weight tars.

There is no standardized test method for determining the
combustion products given off from wood or other materials during
a real fire situation. The gases and products obtained and their
estimated hazard to life will depend on the experimental con-
ditions of any test method selected. Most studies on the
toxicity of combustion products show that the dominant hazardous
gas from burning wood is carbon monoxide followed by carbon
dioxide and the resulting oxygen depletion (46-50).

Considerable research is underway by various institutions
and agencies and by industry on the physiological and toxico-
logical effects of smoke and gaseous products. Of particular note
are the extensive research programsat the University of Utah under
the direction on I. N. Einhorn (44,48), at Johns Hopkins Univ-
ersity under R. M. Fristrom (38,50), and at the National Bureau of
Standards under M. M. Birky (51).

Smoke from treated wood.--Fire-retardant-treated wood also
produces smoke and gaseous combustion products when burned. Many
commercial fire-retardant-treated wood products showed greatly
reduced smoke development when tested in the 25-foot tunnel
furnace used for rating purposes by UL (36). This test, however,
does involve flaming exposure, regardless of the flammability of
the specimen. In a recent study at the FPL (52), results of tests
with the NBS smoke chamber show that plywood treated with
specific fire-retardant chemicals may give off more or less smoke
than untreated wood depending on the chemicals employed and the
conditions of burning.

Eickner and Schaffer (10) examined the effects of various
individual fire-retardant chemicals on fire performance of
Douglas-fir plywood (Figure 3). Using the 8-foot tunnel furnace
test method (37), they found that monoammonium phosphate and
zinc chloride greatly increased the smoke density index values
for the plywood when treatment levels were above 2.0 pounds per
cubic foot. Boric acid, at retentions above 5 pounds per cubic
foot, also increased smoke development. Sodium borates and
sodium dichromate considerably reduced smoke development. At low
retention levels of about 1 to 3-1/2 pounds per cubic foot,
ammonium sulfate was also found effective in reducing smoke. 1In
the 8-foot furnace, effective fire retardants produced a low-
flaming combustion and this condition generally resulted in more
smoke development than in the flaming combustion of untreated
wood .
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Figure 3. Relationship of smoke density to level og chemical
retention in 3/8-in. Douglas-fir plywood evaluated by the 8-ft
tunnel furnace method
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Satonaka and Ito (53) obtained reduced smoke from fir and
oak treated with either ammonium sulfate or diammonium phosphate,
or with the commercially used formulations pyresote or minalith.
(Pyresote consists of zinc chloride 35 percent, ammonium sulfate
35 percent, boric acid 25 percent, and sodium dichromate
5 percent. Minalith consists of ammonium sulfate 60 percent,
diammonium phosphate 10 percent, boric acid 20 percent, and borax
10 percent.) They also obtained reductions in carbon monoxide and
carbon dioxide levels compared to the untreated wood with each of
the four treatments at the two pyrolysis temperatures employed,
400°C and 700°C.

The possibility of toxic gas formation can occasionally be
predicted from the chemical composition of fire-retardant
formulations. Chemicals containing chlorine may produce chlorine
gas, hydrogen chloride, or other chlorinated products. Ammonia
gas may also be a noxious gas from ammonia-containing compounds.
The trend in recent years has been toward increased investigation
and use of organic compounds as fire retardants for wood. The
thermal decomposition products from wood treated with these
compounds is not clearly understood, particularly in regard to
their toxicological and physiological effects. Information on
research in this area is lacking.

Heat Contribution

At some time after the initial exposure of wood to heat and
flames in a fire situation, the burning process becomes exothermic
and heat is contributed to the surroundings. The total heat of
combustion of wood varies with species and is affected by resin
content. It varies from about 7,000 to 9,000 Btu per pound, but
not all of this potential heat is released during a fire. The
degree to which the total available heat is released depends on
the type of fire exposure and the completeness of combustion.

During the initial stages of a fire, fire-retardant-treated
wood contributes less heat than does untreated wood, especially
from the flammable volatiles (8,26). This means that the spread
of fire to nearby combustibles is slow. The fire tends to be
confined to the primary source. In the ASTM E84 test for
building materials, treated specimens produce about 75 percent
less heat than untreated red oak. In a total combustion test,
however, such as the National Bureau of Standards 'potential
heat" method (54), both treated and untreated wood release
about the same total heat.

Heat release rate is another relevant measure of the
combustibility of a material along with ease of ignition and
flame spread. Smith (55) points out that the release rate data,
obtained under different test exposures, will be useful in
predicting the performance in actual fires under different fuel
loading. Release rate data can thus be used--along with other
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fire performance characteristics--for specifying materials and
products in a particular location in an occupancy with a given
fuel load rating.

The rate of heat release during the initial stages of fire
exposure is considerably less, however, for treated wood than for
untreated wood. Brenden (56), using the FPL rate of heat release
method, obtained a maximum heat release rate of 611 Btu per
square foot per minute for untreated 3/4-inch Douglas-fir plywood,
with an average release rate of 308 Btu per square foot per minute
for the first 10 minutes. Fire-retardant-treated Douglas-fir
plywood, with 3.6 pounds per cubic foot dry chemical and a re-
ported flame spread of 25 to 28, had a maximum heat release rate
of 132 Btu per square foot per minute at 42 minutes and an average
rate of 16 Btu per square foot per minute for the first 10 minutes.

Treatment—-Related Properties
of Fire-Retardant-Treated Wood

Strength

Gerhards (57) reviewed the results of 12 separate studies on
strength properties of fire-retardant-treated wood conducted at
the FPL and other laboratories. He concluded that modulus of
rupture (MOR) is consistently lower and modulus of elasticity
(MOE) and work to maximum load are generally lower for fire-
retardant-treated wood than for untreated wood if fire-retardant
treatment is followed by kiln drying. The effect may be less or
negligible if the fire-retardant-treated wood is air dried instead
of kiln dried. The most significant loss was in work to maximum
load, a measure of shock resistance or brashness, which averaged
34 percent reduction.

The losses from treating and kiln drying for small clear
specimens averaged about 13 percent for MOR and 5 percent for MOE.
Losses in structural sizes were about 14 percent for MOR and
1 percent for MOE (57). Losses due to high temperature kiln
drying, above 65°C may be considerably greater (58).

The National Forest Products Association recommends that the
allowable stresses for fire-retardant-treated wood for design
purposes be reduced by 10 percent as compared to untreated wood;
the allowable loads for fasteners are also reduced 10 percent (59).
The 10 percent reduction in design stresses was confirmed pro-
viding the swelling of the wood resulting from treatment is taken
into account (57,60). Treated wood is slightly more hygroscopic
than untreated, therefore the density of equivalent cross sections
of the treated test samples was slightly lower.

Brazier and Laidlaw (58) at the Princes Risborough Laboratory
have written that, until more research is done in this area, it is
wise to assume a loss in bending strength of 15 to 20 percent for
treated wood dried at 65°C.
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In addition to strength loss due to kiln drying at high
temperatures (above 65°C), progressive loss of strength in treated
wood members can be caused by acidic degradation of the wood by
some treatment chemicals (58). There is evidence that phosphate
and sulfate salts may be broken down to acidic residues within the
wood. The degradation and resultant loss in strength may continue
at a slower rate under use at normal temperatures.

The fire-retardant treatment of large structural members for
applications where strength is a predominant factor is usually not
recommended. The adverse effects of treatment chemicals on
strength and other properties such as hygroscopicity outweigh any
benefit obtained by the treatment. Large wood members have good
fire resistance and if treatment is required for reducing flame
spread, it would be better to use fire-retardant coatings or other
protection.

Hygroscopicity

Wood that has not been treated will absorb moisture from the
surrounding air until its moisture content reaches an equilibrium
condition. The hygroscopicity of wood treated with inorganic fire-
retardant chemicals is usually greater than that of the untreated
wood and is dependent on size and species of wood, temperature,
relative humidity, and type and amount of chemicals used (8,60).
The increase in equilibrium moisture content is negligible at
27°C and 30 to 50 percent relative humidity. A 2 to 8 percent
increase in moisture content occurs in the treated wood at 27°C
and 65 percent relative humidity, and at 80 percent relative
humidity the moisture content may increase 5 to 15 percent and
cause exudation of the chemical solution from the wood.

In an unpublished study at the U.S. Forest Products Lab-
oratory, the moisture content of wood treated with two commercial
formulations reached 48 to 58 percent (based on ovendry weight
of treated sample) in 4 weeks' exposure at 27°C and 90 percent
relative humidity. Continuous exposure of wood treated with water-
soluble salts to conditions above 80 percent relative humidity can
result in loss of chemicals and in adverse effects on dimensional
stability and paint coatings. Corrosion of some metals in contact
with the wood will also occur.

Zinc chloride will add considerably to the equilibrium
moisture content of wood in the range of 30 to 80 percent relative
humidity (8). Ammonium sulfate will add at relative humidities
exceeding 65 percent, and borax and boric acid will attract water
at lower humidities. Phosphate salts affect hygroscopicity mostly
when relative humidity exceeds 80 percent (58).

Most commercial treatment formulations are developed for use
under conditions not greater than 80 percent relative humidity.

An exterior type, leach-resistant treatment that is not hygroscopic
is available (61).
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Gluing

Generally, the bonding obtainable with fire-retardant-treated
wood is satisfactory for decorative purposes. Treated wood
members can be bonded into structural assemblies with specially
formulated adhesives under optimum bonding conditions (8).
However, the quality of bonds is not usually equal to that obtain-
able with untreated wood, particularly in evaluation after
exposure to cyclic wetting and drying (62).

Corrosivity

Current treatment solutions containing corrosive inorganic
salts usually also contain corrosion inhibitors such as sodium
dichromate or ammonium thiocyanate or are formulated to a more
neutral pH (60). However, soluble-salt-treated wood in contact
with metals should not be exposed to high relative humidities for
prolonged periods. The treatment chemicals can attack and de-
teriorate metal fasteners. The corrosion products in turn
deteriorate the wood. For example, under humid conditions,
ammonium sulfate will attack the zinc and iron of galvanized
punched-steel nail plates used in trusses (58). Alkaline and
acidic areas are developed in the wood next to the attacked metal
fastener, and cause degradation of the wood (58,63).

Paintability

Paintability is generally not a problem under dry normal
conditions. Unusually high relative humidity conditions can
affect adhesion of the paint film or cause chemical crystal
blooming on the paint surface due to the increased moisture
content of the wood. Natural or clear finishes are generally not
used for treated wood because the chemicals may cause darkening
or irregular staining.

Machining

The abrasive effect of treatments with inorganic salt
crystals can reduce tool life. Where machining is necessary, this
can be minimized by using tools of abrasive-resistant alloys.

Durability

Fire-retardant-treated wood is durable and stable under
normal exposure conditions. Treatments using inorganic water-
soluble salts, however, are not recommended for exterior exposures
to rain and weathering unless the treatment can be adequately
protected by water-repellent coating. Exterior-type treatments
in which the chemicals are "fixed" in the wood in some manner are
leach resistant and nonhygroscopic.
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Current Research

The latest '"Directory of Fire Research in the United States
1971 to 1973," by the National Research Council (64), shows that
only a few of the listed federal, university, private, and in-
dustrial laboratories are doing research involving fire-retardant
impregnation treatments for wood. Published research indicates
that the current effort is in the development of leach-resistant
types of fire-retardant treatments for both exterior and interior
uses. Major emphasis is on reduction of flame spread as
determined by ASTM E84 (34), and reduction of flaming and fire
penetration as determined by ASTM E108 (65). Development is also
directed toward enhanced properties of the treated wood in non-

‘hygroscopicity, gluability, paintability, strength, and preserv-

ation against biodegradation. Some attention--but not enough--is
being given to reduction of smoke and noxious gases. The current
research emphasis on the toxicological and physiological effects
from the combustion products of natural and synthetic polymers is
expected to eventually include fire-retardant-treated wood.

FPL Research

At the U.S. Forest Products Laboratory, many of the research
programs involve fire-retardant-treated wood. This has included
extensive basic study of pyrolysis and combustion reactions of
wood and its components and the effects of chemical additives on
these reactions (15,24-26,28,29,66). A cooperative study (9)
with the Division of Chemical Development of the Tennessee Valley
Authority, showed the effectiveness of liquid ammonium poly-
phosphate fertilizers as fire retardants for wood. The commercial
use of these products, made from electric furnace superphosphoric
acid, has been shown to be economically feasible. Work has been
completed by Schaffer (33) on the rate of fire penetration in
wood treated with different types of chemicals. Some results of
this study are reported elsewhere in this paper.

Studies are currently being conducted on smoke development
and heat release rate from treated and untreated wood and wood
products (52,56). An evaluation of the available treatment
systems for wood shingles and shakes was completed using arti-
ficial weathering (11). A further development from this work was
a new ASTM Standard Method D2898 (67,68) for testing durability
of fire-retardant treatment of wood.

Other Institutions

Using full-scale fire test facilities of the Illinois
Institute of Technology-Research Institute (IITRI), Christian and
Waterman (69) studied fire and smoke behavior of interior finish
materials including fire-retardant-treated wood products. The
authors found that the materials performed according to a
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"relative hazard" position, but that the tunnel test flame-spread
number does not quite place them in the proper order. They state
that "attempts to distinguish between hazards of materials whose

tunnel test flame-spread numbers differ by 25 or less do not seem
justified." These same IITRI researchers (70) also found that

in some situations a significant amount of material with a flame

spread of 90 can be safely used on walls of corridors wider than

6 feet when the ceiling material has a rating of 0 to 25.

Effective fire-retardant treatments for wood for exterior
uses under conditions of leaching and weathering have been needed
for many years. For wood shingle or shake roofing, a commercial
treatment system has been developed (61) in the United States that
meets acceptance requirements of Underwriters' Laboratories, Inc.
Lumber and plywood are also available with this exterior-type
treatment.

The success of this treatment system indicated a breakthrough
in the development of a commercially successful system whereby
fire-retardant chemicals are pressure impregnated into the wood
and fixed or converted to a leach-resistant state without serious
impairment of the desirable natural wood properties. This devel-
opment has stimulated research with leach-resistant type
treatments. Chemicals employed usually involve organic phosphates
and compounds that can react with phosphorous-containing chemicals
or with the wood cellulose structure to give permanence of
treatment.

The Eastern Forest Products Laboratory (12,71) at Ottawa,
Ontario, has been active in development of leach-resistant treat-
ments using melamine or urea with dicyandiamide, formaldehyde,
and phosphoric acid. Decay resistance is also shown for a urea-
based treatment (72). One stystem has met the requirements for
Class C wood roofing under ASTM E108 by Underwriters' Labor-
atories of Canada (12,73). This treatment, or one similar, is
expected to be introduced into the United States within the year
as an approved exterior-type leach-resistant treatment.

McCarthy and coworkers (74) at the Australian Forest Products
Laboratory reported that a pressure treatment for pine posts with
zinc—-copper-chromium—-arsenic-phosphorus preservative produced a
leach-resistant treatment having both fire retardancy and preserv-
ation against decay. This treatment system is reported to have
commercial application in Australia.

Basic research on the chemistry of cellulosic fires is being
studied by Shafizadeh at the University of Montana (75,76).
Working with model compounds, he has shown how thermal reactions
affect the cleavage of the glycosidic bond with breakdown of the
sugar units through a transglycosylation mechanism which even-—
tually results in formation of combustible tar and volatile
pyrolysis products. Interference of the transglycosylation
process by acidic additions, amino groups, and phosphate and
halogen derivatives has been demonstrated to retard combustion by
producing more water and char.
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One area of continuing research at the Stanford Research
Institute (SRI) is concerned with the effects of flame retardants
on thermal degradation of cellulose (77,78). The results of a
recent study (78) for treating wood showed that existing wood
roofs can be given a self-help fire-retardant treatment equiv-
alent to a Class C (65) rating for a 5-year period. To obtain
adequate depth of penetration, the treatment is effective only on
weathered shingle or shake roofs at least 5 years old. The treat-
ment consists of a spray application of a 20 percent aqueous
solution of diammonium phosphate, followed by a 20 percent
aqueous solution of magnesium sulfate to form the water-imsoluble
magnesium ammonium phosphate.

Of particular interest is the application of the Parker-
Lipska model for selecting fire retardants (77). This model of
pyrolysis processes predicts the efficiency of candidate chemical
fire retardants based on increased char yield and elimination of
flaming. Efficient retardants will be those that have high oxygen
content per molecule and contain phosphorus or boron to prevent
afterglow. In addition, the studies at SRI have shown thaf the
optimal add-on weight of a chemical retardant is about 10" mole
per gram of cellulose.

Areas of Needed Research

From the viewpoint of life safety, the most urgent area of
fire-retardant research is the development of treatments for wood
that will reduce not only flame spread but also smoke and noxious
gases. The treatments should not add or create new noxious gases.
Basic research on the combustion of wood being conducted in many
laboratories should be studied and carefully gleaned for clues on
treatment chemicals or other means to alter the cellulose and
lignin structure to reduce smoke and harmful gases. Because com-
bustion products have been shown to be the primary cause of death
in fires, research on the reduction of smoke and gases should take
precedence over reduction of flame spread.

Another area of necessary research is development of
treatments that will increase resistance of wood to fire pen-
etration. The work done by Schaffer (31,33) and others in this
field should be carried further. The slow rate of fire pene-
tration in thick wood members is one of the basic assets of wood
and has been accepted and utilized for many years in heavy timber
construction. But thin wood members and paneling have a con-
siderably higher fire penetration rate than thick wood members
under severe fire conditions. A fire-retardant system that will
give slower fire penetration means more available safety time
for fire fighting personnel and for evacuation of occupants from
a burning building.

Continuing basic research is needed in the pyrolysis,
combustion, and fire chemistry of wood leading toward the
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selection of fire-retardant chemicals and their more efficient
application to wood.

The high loading required (2 to 6 pounds of dry chemical per
cubic foot of wood) for chemicals in present use puts a severe
limitation on cost of usable treatments. A higher cost treat-
ment could be tolerated if it proved more efficient. A large part
of the cost of treated wood to the consumer is the full-cell
pPressure process required by present-day formulations. A less
costly method of getting the chemical into the wood is needed.

We need not limit the choice of chemical candidates only to those
that can be used in a water-treating solution. Application with

hydrocarbon solvents or liquified gases with subsequent recovery

of the carrier may prove practicable.

Further research should be directed toward the development
of test methods to properly evaluate fire-retardant-treated wood.
Current methods have been criticized (79) for not giving a true
hazard evaluation of materials on their potential performance in
a real fire. The limitations of small-scale test methods should
be understood as adequate only for products research and devel-
opment. Even the 25-foot rating furnace of ASTM E84 (34) has
been criticized regarding its correlation with full-scale fires
and the meaning of the numbers it produces for flame spread and
smoke density (40,69,80). There is a trend toward more full-scale
fire testing with the objective of relating the results of smaller
scale tests including the 25-foot furnace to performance in real
fires. Full-scale tests are too expensive, of course, to prove
out building products on a routine basis. Perhaps the corner-wall
test (80-82) is adequately realistic and could be used in con-
junction with small-scale tests for determining product performance
and fire hazard.

As new criteria are developed for defining combustibility, a
method is needed to realistically indicate heat release rate of
wood products exposed to building fires instead of dependence
on "total heat values."

Continuing research must yield information on the treatment-
related properties of fire-retardant-treated wood and methods for
their improvement. The properties of the conventional salt treat-
ments which need improvement especially are hygroscopicity,
strength properties, gluing, and finishing.
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Properties of Wood during Carbonization under Fire

Conditions

F. C. BEALL

Faculty of Forestry and Landscape Architecture, University of Toronto,
203 College St., Toronto, M5S 1A1Canada

Most of the knowledge concerning the behavior of wood under
high temperature conditions is limited to such externally-measured
quantities as mass loss or gas generation. Two general approaches
have been used to predict the pattern of wood deterioration during
fire exposure. The more elegant approach is through the differ-
ential form of the unidirectional heat-flow equation. Thermal
diffusivity, which is the equation ''constant'', has a very complex
behavior with temperature, precluding a formal solution to the
equation. However, numerical solutions, such as can be developed
from finite-element techniques, permit a means of evaluating this
""constant'' for small temperature increments (1). No serious effort
has been made in past research to fully evaluate thermal diffusi-
vity of wood as it changes with temperature. Such information is
elementary for designing methods of fire retardation, which in the
past, have been almost exclusively trial and error. It is also
evident that the physical changes in wood during fire exposure
should be examined in an effort to modify thermal diffusivity. A
second approach involves the evaluation or creation of empirical
equations based on experimental data. The most widely-used method
relates the rate of charring to the change of wood density (2).
However, just as the density factor in thermal diffusivity is
relatively undefined, so is the density change from wood to char.
Fragmentary information has been published on the density change
(3, 4), but no systematic study has been done.

The purpose of this study was to clarify the change of density
with species, heating rate, and temperature under oxygen-deficient
conditions. The major constraint was an arbitrary specimen size
(10-mm cube), based on the observation that thicknesses equal to
or greater than about 6 mm (approximately the half-thickness of
the cubes) produce consistent charring rates (5). The effect of
thickness on density changes is currently being studied.

Experimental Procedure

Sample Preparation. The six wood species (Table 1) were
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selected for a wide range of density, structure, and shrinkage
(from moisture loss) behavior. All specimens were selected from
flat-sawn, kiln-dried boards which were free from visible defects.
Several lengths of nominal 10 by 10 mm stock from each species
with good radial and tangential faces provided sufficient speci-
men material, either end-matched or containing virtually the

same growth rings. After the stock was crosscut, final dimensions
of the 10 mm cubes were obtained by sanding. All specimens were
ovendried and stored over desiccant until measured.

Sample Measurements. Mass was determined using an analytical
balance of 1072g sensitivity. Prior research on carbonized wood
has shown that its spongy and/or fragile nature could cause
errors in mechanical measurement of dimensions. Therefore, dim-
ensions were obtained using a camera mounted on an incident light
microscope to photograph specimens with a calibrated grid (micro-
meter eyepiece) resting on each of the faces. The developed
negatives were mounted in slides and projected to directly measure
each face. Two widths were determined at uniform spacing in each
axis, for a total of 4 measurements per face, or 24 per cube. The
paired measurements were later averaged. After carbonization,
the cube faces were photographed in an identical sequence to per-
mit shrinkage analysis of individual faces. Specimen exposure to
atmospheric conditions was minimized.

Sample Runs. A block diagram of the system is shown in
Figure 1. Three specimens were placed in a nickel boat and
positioned in the Vycor furnace tube. The system was initially
flushed with nitrogen at 0.8 &t/min to remove oxygen, and reduced
to 0.2 gt/min during the run. Heating rate (1, 10, 50°C/min) was
preset on the temperature programmer which maintained a linear
rate using a platinum resistance sensing element directly below
the furnace tube and having a proportionating output voltage to
the furnace. The sample temperature was monitored with a CR/AL
thermocouple adjacent to the face of one sample. Thermocouple
EMF was fed through an electronic reference junction to a strip-
chart recorder with a calibrated span. When the desired final
temperature was reached, the heating was stopped and the split
furnace element opened to expedite cooling.

Results and Discussion

A typical mass loss curve for the three heating rates is
shown in Figure 2. The fractional residual (char) mass at 600°C
is given for each species in Table |. Considerable data are
available from the literature particularly from thermogravimetry
studies, on the influence of specimen and heating parameters on
mass loss characteristics.
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Figure 1. Block diagram of heating system.

G = gas; F = flowmeter; T/C = thermo-

couple; REF = reference junction; REC =

recorder. Dashed line indicates boundary of
furnace.
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Figure 2. Mass loss of redwood at three heating
rates to end temperatures of 250°, 300°, 350°, 400°,
and 600°C
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Figure 3. Longitudinal, radial, and tangential
shrinkage of redwood heated at 1°C/min
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General Shrinkage Behavior. Shrinkage in the major axes is
shown in Figure 3 for a typical species heated at 1°C/min. Certain
features were common for all species: similar shrinkage rates
in all axes starting at about 350°C, greater tangential than
radial shrinkage at all temperatures, a lag in onset and lowest
value for longitudinal shrinkage, and practically identical
longitudinal shrinkage behavior and values for all species (Table
1). The T/R shrinkage ratios from carbonization show a similarity
to those reported for moisture-loss shrinkage (6), however,
measurements must be made on controls before the relationship can
be established. In general, there is a tendency toward isotropism
in transverse shrinkage (T, R), particularly for basswood and
southern pine. Redwood, because of its relatively low tangential
shrinkage, behaves more isotropically than the others. The
analogy between char and moisture is less clear for volumetric
shrinkage, although a trend is obvious. As with the T/R analogy,
measurements must be made on controls to clarify any relationship.

Density Changes. The variation of density with temperature
was the major relationship sought in this study. From the char
density values obtained at 600°C, it was possible to establish
the following regression equations:

(1) o, =-0.078 +0.79 o, (T = 1°C/min) r2 = 0.98
(2) o = -0.049 + 0.71 oo (T =10%/min)  r% = 0.99
(3) 0. = -0.006 + 0.56 po (T = 50%/min)  rZ =0.97

A1l of these relationships apply to conditions of an oxygen-
deficient atmosphere and rapid escape of volatiles. The more
complex dependence of density on both temperature and heating
rate is shown in Figure 4. Higher rates of heating delay the
density change until about 400 T, where the curves cross and
show a direct dependence between density change and heating rate.

Longitudinal Shrinkage. Despite the possible analogies
between carbonization and moisture loss for transverse shrinkage
of wood, longitudinal shrinkage at 600°C did not vary signifi-
cantly among species. The mean value of longitudinal shrinkage
for the six species was 18.0% with a standard deviation of 0.5%.
Calculations by Bacon and Tang (7) show that the reduction in
length of cellibiose, if it were transformed into graphite, would
be 17.3%. This close agreement supports the concept of in situ
cellulose losing oxygen and forming a graphitic-type structure
during contraction of the chains. Additionally, the three
heating rates produced different shrinkage paths, but the same
(statistically) endpoint at 600°C (Figure 5). A further
difference is obvious between longitudinal and transverse
shrinkage when these are plotted against mass loss (Figure 6)
instead of temperature (Figure 3). The lag in longitudinal
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Figure 4. Density of southern pine as affected
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the major axes to mass loss of southern pine

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch007

7. BEALL Carbonization under Fire Conditions 113

8

OXYGEN LOSS ()
8

100, 1 1 1 1 )
0 20 L) 60 80 100
TOTAL MASS LOSS (%)

Figure 7. Effect of heating rate on loss of
oxygen from Douglas fir
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Figure 8. Effect of heating rate on the rela-
tionship between longitudinal shrinkage and
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shrinkage is much more pronounced, particularly at 300°C, which
strongly suggests that the major initial mass loss (to about 30%)
occurs from volatilization of carbohydrate sidegroups. Shrinkage
from lignin or any loss of backbone oxygen from the poly-
saccharides should cause a component of longitudinal shrinkage.
The relationships were studied further by ultimate analysis for
oxygen and hydrogen. Figure 7 shows the percentage of oxygen
loss as a function of total mass loss at the three rates of heat-
ing. The curves clearly show a much greater loss of oxygen at
higher heating rates during the initial mass loss. By combining
Figures 6 and 7 into Figure 8, the relationships appear much
clearer. At 1°C/min, backbone oxygen is apparently lost at a
sufficiently slow enough rate to permit new carbon-to-carbon
valence bonds to form. Higher heating rates preferentially
remove sidegroup (hydroxyl) oxygen and/or cause a lag in C-C
bonding at the newly-created backbone sites. However, the

longi tudinal shrinkage at 600°C is reasonably constant for all
species and heating rates.
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Dimensional Changes of Wood and Their Control

ALFRED J. STAMM

School of Forest Resources, Department of Wood and Paper Science,
North Carolina State University, P.O. Box 5516, Raleigh, N.C. 27607

Wood, 1ike all other plant materials, is 1aid down from
aqueous solution. The cellulose, hemicellulose, and lignin
polymers formed are no longer soluble in water, but water still
dissolves in them to form solid solutions on the polar hydroxyl
groups. Water is held within the cell wall structure by hydro-
gen bonding (1, 2). Sorption is of the polymolecular sigmoid
type (1, pg 146). Each adsorption site, consisting primarily
of hydroxyl groups, can take up 5 to 7 molecules of water (1,
pg 162) as shown from adsorption isotherms using the equation
of Brunauer, Emmett, and Teller (3), The energy of adsorption
decreases rapidly as molecules beyond monomolecular are taken
up (1, pg. 208). The final molecule adsorbed on any particular
site is taken up by a force just exceeding that required to open
up the structure to accommodate it.

The take up of water or other liquids within the cell walls
of wood involve the take up of a molecule at a time and its
movement from one adsorption site to another (molecular jump
phenomenon) under a concentration gradient. This is distinct
from flow of bulk Tiquids into the coarse capillary structure
under a capillary force or pressure gradient.

Fundamentals of Shrinking and Swelling

Adsorbed water virtually adds its volume to that of the
dry cell walls of wood, causing swelling (1, Chapter 13). This
is the case because of the fact that the dry cell walls are
virtually free of voids that could fill with water without
swelling occurring. The volumetric swelling of wood substance,
with a specific volume of 0,685 (1, Chapter 3) and a fiber
saturation point of 30%, ignoring any adsorption compression,
is 43.7%. If wood swelled T1ike a stress strainless gel, the
voids in wood would increase in volume the same amount as the
wood substance (1, Chapter 13), Fortunately, natural voids, such
as the lumen of fibers and the vessels of hardwood change only
slightly in volume with changes in volume of the wood substance
because of the internal restraining action by fibril wrappings.
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External dimensional shrinking and swelling of wood is roughly
proportional to the specific gravity of the wood (1, Chapter 13).
Swelling of wood can be forced to be almost entirely internal

by applying strong external restraint (1, pg. 233).

Wood is anisotropic, that is it swells and shrinks different-
1y in the three structural directions. Shrinking in the fiber
direction is usually only 0.1 to 0.3%, varying with the slope
of the fibril wrappings of the S2 layer of the cell walls and
with the slope of the grain (4, 2, pg 100). The tangential
shrinkage is usually 1.5 to 2.5 Times that in the radial direc-
tion. Tangential shrinkage of commercial woods grown in the
United States ranges from 7 to 11% and radial shrinkage from 3
to 7% (5). Greater tangential than radial shrinking has been
explained on the basis of ray cell restraint; greater tangential
shrinkage of the denser latewood than of the earlywood forcing
increased earlywood shrinkage in the tangential direction;
greater slope of fibrils on radial faces of fibers than on the
tangential faces due to concentration of pits on the radial
faces; and greater amounts of middle lamella in the radial walls
than in the tangential walls (2, pg. 106-118). A1l of these
effects may be operative to various extents. Further, the ratio
of tangential to radial swelling increases with an increase in
moisture content above about 20% (6, 7). Swelling in aqueous
solutions beyond the swelling in water is almost entirely in
the tangential direction (1, pg. 251).

Dimensional Stabilization

There are five known methods by which the shrinking and
swelling of wood can be materially reduced in rate or in final
magnitude. They are: 1. applying mechanical restraint by
cross-laminating, 2. applying external or internal water re-
sistant coatings, 3. reducing the hygroscopicity of the wood
components, 4. chemically cross-linking the structural com-
ponents of the wood, 5. bulking the cell walls of wood with
chemicals.

Cross-laminating. Wood because of its anisotropic nature,
swells thirty to one hundred times as much transversely as
longitudinally (1, Chapter 13, 2). When veneer is made up into
plywood, the lateral external swelling of each ply is mechani-
cally restrained from being its normal amount due to the much
smaller longitudinal swelling of the adjacent plies. Swelling
of plywood in the two sheet directions is only slightly greater
than the longitudinal swelling of the unassembled plies, The
mechanical restraint reduces the hygroscopicity by several per-
cent (8) but cannot alone account for the large reduction in
external swelling. The chief effects are a relief of the
stresses by an increased swelling in the thickness direction of
the sheets and an internal swelling into the Tumen of the fibers
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(, pg 233).

This simple method for obtaining dimensional stability of
plywood, in the important sheet directions, has the shortcoming
that it promotes face checking. Plywood is known to face check
as a result of the restraining stresses set up under alternate
swelling and shrinking considerably more than in normal wood or
in parallel laminates (9). It will be shown later that this
face checking can be greatly reduced by subjecting the face plys
of plywood to a fiber bulking treatment before assembly.

External Coatings. Applying water resistant coatings or
finishes to wood will appreciably reduce the rate of adsorption
of liquid water or adsorption of water vapor and thus reduce
the rate of swelling and face checking, but has only a minor
effect upon equilibrium swelling. The effectiveness of coatings
varies with the nature of the coating and the exposure condit-
ions. Unfortunately all known coatings that adhere to wood are
somewhat permeable to water. Applying aluminum foil to all
surfaces of small wood panels, with curved edges and corners,
between coats of varnish or oil base paints gave moisture
excluding efficiencies of 99% (weight gain of the uncoated con-
trol minus the weight gain of the coated specimen divided by
that of the control when exposed to a relative humidity of 97%
for one week) (10, 11). Aluminum powder dispersed in varnish
or oil base paint gave values ranging from 90 to 95%. Two coats
of pigmented oil base paint over a primer gave values ranging
from 60 to 90%. These measurements were made prior to the
advent of water bomb emulsion paints so they were not included
in the study. They undoubtedly would have given still lower
values. Two coats of varnishes, enamels, or cellulose nitrate
laquers gave values ranging from 50 to 85%. Five coats of
Tinseed 0i1 followed by two coats of wax gave values of only
about 8%.

The moisture excluding efficiency of coatings decreases
rapidly with time, relative humidity cycling, and weathering
exposure. When cyclic or weathering tests are extended for
periods of a year or more moisture exclusion is practically
eliminated.

Internal Coatings. Impregnating wood with water-resisting
materials dissolved in a volatile solvent has the advantage of
not being weathered away or degraded by ultraviolet light.
Experience has shown, however, that less perfect coatings are
obtained in this way. Internal coating with water repellents
(natural resins,waxes or drying oils dissolved in volatile
hydrocarbon solvents containing a toxic agent such as penta-
chlorophenol) are used to some extent to give temporary pro-
tection to millwork, especially against adsorption of Tiquid
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water (12, 13). They are usually applied to dry millwork by a
simple three minute dip technique. Penetration is chiefly con-
fined to end penetration. This superficial treatment imparts
some decay resistance to wood and reduces face checking and
grain raising,but has Tittle or no effect on alternate seasonal
shrinking and swelling.

Reduction in Hygroscopicity. Obviously any treatment or
chemical change in wood that reduces its affinity for water will
reduce its tendency to swell. Replacing polar hydroxyl groups
with Tess polar groups should accomplish this. An ideal case
would be to replace all hydroxyl groups accessable to water by
hydrogen. Unfortunately all known hydrogenation procedures
break down both cellulose and Tignin (14, Chapter 17). Wood can,
however, be acetylated without chemical break down of the struct-
ure. This would be expected to reduce the hygroscopicity and
swelling and shrinking to about half of normal. It actually
caused a greater reduction due to bulking of the fibers. Acety-
lation will hence be considered under bulking. The only pre-
sently known dimension stabilizing method for wood that results
from a Toss in hygroscopicity alone is heat stabilization.

Heat Stabilization. When wood is heated, preferably in the
absence of oxygen, under temperature-time conditions that cause
some loss of water of constitution and other minor breakdown
products,swelling and shrinking are appreciably reduced (1,
pg. 304). Figure 1 is a plot of the logarithm of heating time
against heating temperature for three different softwood species
having different thicknesses that were heated beneath the sur-
face of a low fusion Woods metal (15) to minimize oxidation and
cause rapid heat transfer. Linear plots result for the three
different reductions in shrinking and swelling. Reductions of
40% are obtained by heating at 315°C for one minute, 255°C for
one hour, 210°C for one day, 180°C for one week, 160°C for one
month, and 120°C for one year. Unfortunately, this simple means
of obtaining dimensional stability of wood is accompanied by
relatively large strength losses,especially toughness, and
abrasion resistance. Abrasives actually gouge out entire fibers
rather than abrading away parts of fibers. Table I gives data
for the effect of heating wood for 10 minutes at three different
temperatures upon four different strength propert1es (15). Heat
stabilization imparts considerable decay resistance to wood.
Heating to attain a dimensional stabilization of 40% gave a
negligibleweight loss due to decay when subjected to block
culture tests with Trametes serialis for two months (17). The
corresponding weight Toss of the unheated controls was 28.4%.

Heat stabilization was at first believed to be due to the
formation of ether linkages between adjacent cellulose chains
as a result of splitting out of water between two hydroxyl groups
(18). It was later shown that heat stabilized wood swells to a
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greater extent than unheated wood in concentrated sodium hydro-
xide solutions and in pyridine (19). As neither of these
chemicals break ether bonds,another explanation for heat stabili-
zation was sought.

Hemicellulose, the most hygroscopic component of wood, is
also the most subject to thermal degradation (20) to furfural
and various sugar break-down products which polymerize under
heat to water insoluble polymers, thus reducing the hygroscopi-
city. These polymers are presumably soluble or at least swell
in concentrated sodium hydroxide solution or pyridine thus
accounting for the increased swelling in these media, This also
accounts for the extremely low abrasion resistance of heat
stabilized wood. In normal wood the fibers are at least partial-
ly held together by hemicellulose chains that pass through the
middle Tamella (1 pg. 319). If these chains are severed by heat,
complete fibers can be separated by abrasion. Hardboards, made
from steam hydrolyzed wood chips,when heat tempered or stabilized
lose little if any strength as the hemicelluloses are removed in
the hydrolysis step and they are no longer needed for bonding.

Any applied use of the simple heat stabilization technique
to wood will be limited by the large loss in abrasion resistance
and toughness.

Cross Linking. Tieing together of the structural units of
wood with stable molecular cross-links should greatly reduce its
tendency to swell. This is illustrated by the fact that incor-
porating only small amounts of divinyl benzene in the vinyl
benzene used in making polystyrene, converts the polymer from a
benzene soluble te a benzene insoluble material (21), with single
cross-links per several thousand carbon atoms in each polymer
chain.,

Formaldehyde has long been known to act as a cross-linking
agent for cellulose (22) and is used as a crease resistant treat-
ment for cotton fabrics (23). Cotton fabrics are soaked in a
formalin solution containing a low concentration of a mildly
acidic salt, followed by drying. Tarkow and Stamm (gg) applying
the treatment to wood, showed that dimensional stabilization
does not occur until the wood is almost dry and then only when
the acidity was quite high, It thus seemed desirable to treat
the wood with formaldehyde in the vapor phase over heated para-
formaldehyde (25). Appreciable permanent dimensional stabiliza-
tion occurred only in the presence of strong mineral acids such
as hydrochloric or nitric acid, Permanent weight gains of 4 to
5% were accompanied by dimensional stabilizations of up to 70%,
expressed as antishrink efficiencies,

A.s.E.=t -5 = St)

Sc
where S is the shrinkage of the control and S, that of the
treated~specimen. Optimum ASE values were obtdined when the

x 100
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wood had a moisture content of 5 to 10% at the time of treatment
(24). When formic or acetic acids were used as catalysts anti-
shrink efficiencies of less than 10% resulted. Unfortunately
cross-linking for high dimensional stability of wood requires a
catalyst pH of 1.0 or less, in contrast to the much Tower acidity
that is adequate for obtaining crease resistance in cotton fabrics.
Table II shows the drastic effect of the reaction on the two

most adversely affected strength properties of wood. These
losses are largely due to acid hydrolysis of the hemicelluloses
and cellulose, as they occur when wood is treated with the
catalysts without formaldehyde present. Paper can be cross-Tink-
ed with formaldehyde to give good dimensional stability with Tess
acidic catalysts, and considerably smaller permanent weight
increase (26, 27, 28).

The formaldehyde reaction with wood is undoubtedly one of
cross-Tinking as it is accomplished with a much smaller weight
increase than in the case of the bulking treatments and reactions,
to be considered in the following section. Further, dimensional
stabilization is attained by reducing swelling rather than by a
reduction in shrinkage, which is the case for bulking treatments.
Formaldehyde reacted wood, unlike heat stabilized wood, swells
only slightly in concentrated sodium hydroxide solutions and in
pyridine, which would be expected if the reaction involved cross-
Tinking (24).

Other aldehydes than formaldehyde have been tested as to
their cross-linking ability (24). None gave as good dimensional
stability as formaldehyde or proved as permanent,and all requir-
ed the high concentrations of embrittling acids to catalyze the
reaction. Chloral required no addition of acid but it developed
its own embrittling acidity on heating, Other types of cross-
Tinking agents have been sought that do not require the high
acidity needed to attain high dimensional stability by the
formaldehyde reaction. Although these efforts have not as yet
met with success they should be continued because of the smaller
amount of short cross-linking reactant needed compared to bulking
reactions.

Bulking Treatment with Water Soluble Non-Reacting Chemicals

When chemicals are either deposited in or chemically reacted
with the cell walls of wood so as to increase the volume of the
dry cell walls, the external volumetric shrinkage of the wood is
materially decreased as a result of bulking of the fibers. This
principle was first observed when thin cross sectional wafers of
softwoods were swollen in concentrated salt solutions followed
by drying to equilibrium with various decreasing relative vapor
pressures at which the tangential and radial dimensions of the
wafers were measured., Figure 2 is a plot of the external cross-
sectional shrinkage against the relative vapor pressure over
saturated solutions of the following salts and their fraction-
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Table Il Critical strength losses caused by formaldehyde cross~

linking of softwoods to various permanent weight gains
and antishrink efficiencies, A.S.E.

Weight increase A,S,E. Toughness Abrasion

of dry wood loss 1/ Resistance loss
% % % %

0.10 10 27 60

0.55 25 45 80

2.20 50 70 9

L. 20 70 84 95

1/

— Forest Products Lab. Toughness Test (16)

Log of Heating Time (min)

0 : ; ;
120 140 160 180 200 220 240 260 280 300 320
Heating Temperature (°C)

Industrial and Engineering Chemistry

Figure 1. Logarithm of heating time vs. temperature required to

give three digerent reductions in swelling and shrinking when the

heating was done beneath the surface of a molten metal to exclude

oxygen (15). O, 1/16-in. thick Sitka spruce veneer; @, 1/2-in. thick

cross sections of western white pine; O, 3/8-in. flat sawn western

white pine; O, 15/16-in. thick eastern pine boards. Numbers on plot
indicate antishrink efficiency (A.S.E.) in percent.
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al reduction in vapor pressure : barium chloride, 0,916; sodium
chloride, 0.758; manganese chloride, 0.543 ; magnesium chloride,
0.331; and Tithium chloride, 0.117 at 25°C (29). The plot shows
that no shrinkage occurs until the relative vapor pressure falls
below that in equilibrium with a saturated.solution of the salt
in the wood., The shrinkage to the final oven dry condition was
in each case reduced by the volume of salt finally attained with-
in the cell walls. Figure 3 is a plot of the shrinkage versus
the moisture content, giving virtually parallel straight lines,
This indicates that shrinkage, in all cases, is the same function
of the volume of water lost below the fiber saturation point,
Water thus virtually adds its volume to that of the cell walls,
further indicating that the extent of voids in the dry cell walls
must be virtually negligible. Shrinkage due to bulking is
reduced merely because there is less moisture to be lost,

Reducing the relative vapor pressure at which shrinkage
begins has no advantage in attaining dimension control, as the
wood in equilibrium with higher relative vapor pressure values
is always damp. It is, however, advantageous in so called salt
seasoning by reducing drying stresses (30).

The ideal bulking agent for wood would be a non-corrosive
non-volatile solid, approaching infinite solubility in water,
that does not materially reduce the vapor pressure of water,
These conditions are more nearly approached with sugars than with
salts, as shown in Figure 4 (31). Treatment of wood with aqueous
sugar solutions containing a toxic agent was commercially practic-
ed in England for a short period (32), The chief shortcoming was
that the wood became damp at relative humidities above 80% and
that adhesion of wood finishes was reduced.

Polyethylene glycols proved to be considerably better bulk-
ing agents than sugars, as shown in Figure 5 (33). Sitka spruce
cross sections saturated with 25% solutions of polyethylene gly-
cols with molecular weights of 1000 and Tess gave almost complete
replacement of the solution by the polymer on slow drying. Thus,
the wood approaches having an antishrink efficiency of 100%.

This can occur only as the solubility of the polymer in water
approaches 100%. The higher molecular weight polyethylene gly-
cols are less effective bulking agents because of their lesser
solubility in water and the finding that fractionated polyethylene
glycols with molecular weights exceeding about 3500 cannot,
because of their bulk, penetrate the cell walls of wood (34).
The fact that presumably higher molecular weight polymer entered
the cell walls of wood (see Figure 5) can be explained on the
basis that depolymerization occurred during boiling to put them
into solution and that the commercial polymers had an appreciable
spread in molecular weights. Figure 5 shows that a slight swell-
ing occurs during the initial stages of drying in the case of

the low molecular weight polymers, This is due to the fact that
swelling in aqueous solutions of hygroscopic chemicals increases
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Figure 2. [External volumetric shrinkage vs. relative vapor pressure
for thin Sitka spruce cross sections containing originally different
quarter-saturated salt solutions (29)
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Figure 3. External volumetric shrinkage vs. moisture constant for
thin Sitka spruce cross sections containing originally different
quarter-saturated salt soltuions (29)
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Figure 4. External volumetric shrinkage vs. relative vapor pressure
for thin white pine cross sections presoaied in different concentrations
g sucrose or invert sugar (31). O, water only; ©, 6.25% sucrose;
, 12.5% sucrose; [], 25.0% sucrose; @, 80.0% sucrose; @, 12.5
invert sugar; \, 25.0% invert sugar; A, 50.0% invert sugar.
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Figure 5. External volumetric shrinkage vs. rela-
tive vapor pressure for thin Sitka spruce cross sec-
tions presoaked in 25% by weight aqueous solutions
of glycerine and polyethylene glycol having the
average molecular weights given in parenthesis in
the legend (33). [, water only; @, glycerine; A,
polyethylene glycol (200 and 400); A, polyethylene
glycol (600); @, polyethylene glycol (1,000); @,
polyethylene glycol (1,540); O, polyethylene glycol
(4,000); M, polyethylene glycol (6,000).
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with an increase in concentration of the solute up to about a
50% solution (1, pg. 249).

Polyethylene glycol treatment is best applied to green wood.
The simplest technique is to merely soak the green wood in a
30% by weight aqueous solution of polyethylene glycol - 1000.

The time of soaking varies with the permeability of the species
and the amount of end grain exposed as diffusion in the fiber
direction is about ten to fifteen times as fast as in the trans-
verse directions. Figure 6 is a photograph of two adjacent
cross-sections of an originally green loblolly pine tree 3 cm
thick. One was soaked in a 30% solution of polyethylene glycol-
1000 for one day followed by air drying of both specimens. The
control developed a large wedge shaped check extending from the
pith to the bark due to stresses developed because the tangential
shrinkage was about twice the radial shrinkage. The treated
specimen shrank so little that it developed a minimum of damaging
stresses. This was accomplished with only a 16% take up of the
polymer (35).

An alternate method for treating green wood is to apply
several liberal coats of molten polyethylene glycol-1000 a day
apart to all surfaces,and storing the specimens in sealed poly-
ethylene bags between coatings to aveid drying. This should be
repeated for a week to a month, depending on the permeability
and size of the specimens, followed by air drying,

Checking of the face plies of plywood resulting from rela-
tive humidity cycling can be virtually eliminated by pretreat-
ment of the face plies with polyethylene glycol-1000 so as to
attain approximately a 25% dry weight increase. The treated
plys can be assembled with untreated core plies using any type
of glue. To insure a good bond the face plies should be oven
dried just prior to assembly to reduce the surface moisture con-
tent (35). Drying just prior to the application of finishes is
also desirable. A surface treatment of loblolly pine house
siding with polyethylene glycol improved the weathering pro-
perties of applied alkyd emulsion paints and that of two-can
clear polyurethane finishes (36, 37).

Wood treated with polyethylene glycol has considerable decay
resistance under non leaching conditions in spite of it's non
toxicity (17). This is probably due to the fact that there is
insufficient water present within the cell walls to support decay.

The strength properties of polyethylene glycol treated wood
are virtually those of the swollen wood. This is not surprising
as the polymer tends to maintain green wood dimensions. Unlike
heat stabilized and formaldehyde cross-1linked wood and wood
bulked by resin forming polymers within the cell walls (to be
considered later), the toughness of the wood is not adversely
affected by polyethylene glycol treatment (35).

Green tree cross sections, with bark intact, are being treat-
ed, on a limited scale, with polyethylene glycol for table and
stand tops and decorative plaques to prevent checking (38). Green,
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Forest Products Journal

Figure 6. Adjacent originally green loblolly pine tree cross sections (27-cm diameter

and 3 cm thick). Left, soaked in a 30% by weight solution of polyethylene glycol

(1000) for 24 hours; right, soaked in water for 24 hours, both followed by air drying.

The treated specimen, on the left, developed no periferal radial checks. The control,

on the right, developed a large periferal radial check extending almost to the pith.

The treated specimen took up on the average 16% of the polyethylene on a dry
weight basis (35).
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roughed out decorative carving blanks are also being treated by
diffusion with polyethylene glycol. The green treated wood
carves more easily than dry wood. Treatment is more complete
where there is a maximum of end grain, just the parts of the
carving that need treatment most to prevent checking on final
drying. Artists can set their own pace in carving, as between
carving sessions the carving should be immersed in a 25 to 30%
solution of polyethylene glycol or stored in a polyethylene bag
following application of the molten polymer to all surfaces.
Gunstocks of exotic woods are being commercially treated with
polyethylene glycol to give them dimensional stability and to
avoid face checking (39).

Merely dipping thin fancy crotch face veneer in a solution
of polyethylene glycol gives sufficient take up of the polymer
to plasticize the sheets so that they dry flat, thus avoiding
breaking and checking when assembled with core plies.

Wood artifacts, recovered in the water logged condition,
are treated with polyethylene glycol to prevent serious break
down of the structure on drying. A notable example is the
treatment of the Swedish wooden battleship Vasa, which was sunk
in the harbor of Stockholm in 1628, and recovered in 1961 (40).
The most remarkable recovery case is that of a pine 1og hermet-
cally sealed in a bog in a glacial moraine in Northern Wisconsin,
Radioactive dating technique showed that the log was buried for
a period of 31,000 years. Air drying of a section of the log
resulted in serious break down of the specimen to a pile of chips
as a result of drying stresses. Other sections of the log were
soaked in increasing concentrations of polyethylene glycol-1000
from 10 to 30% for several weeks. The specimens remained per-
fectly sound upon air drying, with no additional checking, The
slight shrinkage that did occur was presumably sufficiently great
to allow hydrogen bonds to replace broken covalent bonds.

Recent experiments to determine the dimension stabilizing
efficiency of water soluble fire retardent chemicals (41) showed
ammonium sulfamate to be superior to phosphate salts, giving
antishrink efficiencies of 51 to 66% compared to polyethylene
glycol-1000 values of 63 to 77%, Sodium silicate, because of
its alkalinity, caused collapse of the wood that resulted in
negative antishrink efficiencies. Strongly alkaline systems
should hence be avoided.

Bulking Treatment with Water Insoluble Chemicals. The chief
shortcomings of dimensional stabilization of wood with poly-
ethylene glycol are that it can be leached from the wood and
that the wood feels damp when held for prolonged periods of time
at relative humidities of 80% and above. It thus appears
desirable to deposit water insoluble materials within the cell
walls of wood. This can be done by a replacement process with
waxes (42). Water in green wood is replaced by Cellosolve
(ethylene glycol monoethyl ether) by soaking the wood in this
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chemical, followed by slowly distilling off the water which has
a lower boiling point than the Cellosolve. No shrinkage occurs
during this first stage of replacement, if carried out slowly.
The specimens are then immersed in a molten wax or natural resin
and the Cellosolve slowly distilled off. This step invariably
involves some shrinkage. Antishrink efficiencies of 80% are,
however, obtainable in this way with mixtures of beeswax and
rosin. This treatment appears suitable for the preservation of
wood artifacts. Christensen (43) has treated wood artifacts by
replacing the water with tertiary butanol and this with polyethy-
lene glycol1-4000.

A simpler approach for depositing water insoluble chemicals
within the cell walls of wood is to impregnate the wood with
solvent soluble resin forming chemicals containing a catalyst
that penetrate the cell walls followed by evaporation of the
solvent and then heating to polymerize the resin. This has been
accomplished with the following water soluble resin forming
systems: phenol, resorcinol, melamine and urea-formaldehydes,
phenol -furfural, furfuryl-aniline and furfuryl alcohol (44).

The most successful of these has been phenol-formaldehyde (gg),
It is cheaper than resorcinol and melamine-formaldehydes and
gives higher dimensional stability and is more weather resistant
than urea-formaldehyde (46). Further, less chemical is lost on
drying and polymerizing than in the case of furfural-aniline

and furfuryl alcohol when slightly prepolymerized but still water
soluble "A" stage phenol-formaldehyde slightly alkaline resin is
used. A number of suitable "A" stage resins are commercially
available (47). Their aqueous solid resin contents range from
33% to 70%, pH from 6.9 to 8.7 and relative viscosities in 33%
solutions from 3.5 to 4.7. Wood treated with these resins is
called Impreg.

Difficulty was encountered in adequately distributing "A"
stage resins in sizable pieces of solid wood. Limited amounts
of Impreg have been made by impregnating easily treated solid
woods such as ponderosa pine and basswood, Most of the Impreg
presently made is laminated from treated veneer. Predried fancy
face veneer, 1/32 inch or less is thickness, can be adequately
treated merely by soaking in a 30 to 60% solid content "A" stage
resin for a few minutes up to an hour or two depending upon the
thickness and the amount of cross grain, Cross grain accentuates
capillary absorption which is followed by diffusion into the cell
walls, The rate of diffusion into the cell wall varies inversely
with the square of the thickness, Straight grain veneer, 1/16
inch or more in thickness, requires excessive soaking time for
the take up of 25 to 30% of resin forming chemical, Veneer hav-
ing a low to medium specific gravity, in thickness up to 1/8 inch
and moisture contents of 20 to 30%, can be readily treated using
compression roll equipment (48). The veneer is passed between
compression rolls beneath the surface of the solution where it
is compressed to about half of its original thickness. On
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emerging from between the rolls, the veneer tends to recover its
original thickness and in doing so sucks in the treating solution,

The chief method for treating air dry thicker veneer is by
pressure impregnation in a treating cylinder. The usual pro-
cedure is to immerse one sheet of veneer at a time in a tank
filled with the treating solution to insure wetting of the faces
of each ply, making close piling possible without fear of form-
ing dry pockets. The sheets of veneer are then held down in the
solution with metal weights. The height of the treating solution
is adjusted so that following impregnation the top sheet is still
submerged. The tank is then rolled into the treating cylinder
and 20 to 200 psi of air pressure is applied for ten minutes to
six hours, depending on the wood species, whether sapwood or
heartwood and the thickness of the veneer. Heartwood of basswood
or cottonwood veneer 1/16 inch thick will take up its own weight
of 30% solids content solution in 15 minutes at 30 to 40 psi.
Birch heartwood veneer 1/16 inch thick will require a pressure
of 75 psi for two to six hours to attain the same take up (45).

The treated veneer should then be close piled for one to
two days, with a water proof cover over it, to allow for
equalization of the resin content by diffusion. The veneer can
then be dried and the resin polymerized in a continuous veneer
drier or in a dry kiln. Real fast initial drying should be
avoided to prevent excessive migration of the as yet uncured
resin to the surfaces. The treated veneer is then laminated
into panels of any desired thickness in a hot press using
phenolic glue (45).

The dimensional stability of Impreg made in the aforegoing
way increases with an increase in the resin content of the
veneer up to about 70% antishrink efficiency at a resin content
of 30 to 35%. This ASE value is less than that obtainable with
polyethylene glycol because of loss of water and subsequent
contraction of the resin forming chemicals within the cell walls
as polymerization occurs.

Face checking of plywood and parallel laminates, with
phenolic resin treated faces, is practically eliminated on indoor
exposure. Under out-of-doors weathering conditions face check-
ing and erosion are materially reduced (9).

Phenolic resin treatment imparts considerable decay resist-
ance to wood as do other dimension stabilization treatments (17).
The treatment increases the electrical resistance materially
(49). It also gives wood considerable acid resistance (45) and
heat resistance (50). Treated specimens have been subjected to
cyclic heating to 205°C followed by cooling more than 50 times
without visual harm, whereas untreated controls charred and
disintegrated badly after a few heating cycles. Phenolic resin
treatment, however, does not impart true fire resistance to
wood, but it does improve the integrity of the char, thus cutting
down on fire spread (45).

Phenolic resin treatment causes a slight loss in tensile
strength properties of wood and a considerable increase in
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compressive properties and hardness. Flexural properties are
increased slightly. Shear parallel to the grain is decreased.
Toughness is, however, reduced to about one-third of normal
(51, 1, pg. 131).

Impreg is used for automobile die models of all of the
body surfaces (50). Parallel laminates of phenolic resin treat-
ed cativo veneer are hot pressed to one inch thick panels and
these are glued together to the desired thickness with cold
setting glue, followed by carving. Impreg is also used for
various shell molding dies (50) where its excellent heat re-
sistance is utilized. The mold is imbedded in sand containing
a heat setting resin, heat cured, cooled, and the mold removed.
The Impreg mold can be reused up to 50 times.

Compreg is similar to Impreg except that the treated veneer
prior to heat curing is appreciably compressed., Phenolic resin,
still in the "A" stage, is an excellent plasticizer for wood.
Pressures of 1000 psi or less at 275 to 300°F are sufficient to
compress most species to dry volume specific gravities of 1.2
to 1.35, thus approaching the specific gravity(1.46)of the wood
substance (52). Drying of treated veneer without cure of the
resin can be accomplished by kiln drying for five to eight hours
at 140 to 150°F, (52). Compressed parallel laminates can be
made from dried but uncured veneer containing at least 30% of
resin forming solids without the use of a laminating glue when
compressed to a specific gravity of at least 1.3 at about 300°F
as sufficient resin exudes from the plies to form a good bond.
When the plies are crossed, contain less than 30% of resin form-
ing chemicals, and are compressed to less than a specific gravity
of 1.3, additional hot press phenolic bonding resin must be used.
It is important to predry the treated plies to a moisture content
of 2 to 4% prior to application of a waterborne laminating glue
as this tends to introduce excessive moisture in the panel which
is trapped on compression, It is further desirable to again
dry the glue spread veneers to this low moisture content before
assembly. Failure to do this may result in checking of the
panels as they slowly dry to this reduced equilibrium moisture
content.

Treated plies fortunately respond to compression under
heat and pressure more rapidly than they cure even at 280°F,
This makes possible molding of Compreg by a so called expansion
molding technique, Single sheets of dry uncured resin treated
veneer with a surface coat of bonding resin are rapidly pre-
heated to 220 to 240°F and then compressed in a fast operating
cold press at about 1500 psi, The plies respond rapidly to
compression. The contained resin does not set in a thermosett-
ing sense but sets in a thermoplastic sense as the veneer is
cooled. The sheets of veneer can be kept in this compressed
condition for weeks at room temperature and low relative humi-
dity without springback, They are cut to template sizes layed
up in proper sequence in a split mold to completely fill the
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mold. The mold is firmly locked in a closed position and then
heated to about 270°F. The resin loses its thermoplastic set.
The plies tend to lose their compression and exert a pressure on
the mold approaching that at which they were compressed. As heat-
ing continues the resin sets in a thermosetting sense (53).

Compreg swells in the thickness direction two to three times
as much as Impreg on the basis of its compresseddimensions but
the swelling is extremely slow and the panels do not recover from
compression as do untreated compressed wood panels (52). It has
a golden to dark brown color, depending on the species. It hasa
natural lustrous finish that can be restored by merely sand-
ing and buffing when cut or scratched. It can be readily cut or
turned using metal working tools operated at reduced speeds.
Compreg can be glued to Compreg or normal wood with both hot press
phenolic and room temperature setting resorcinol glues (52).

Compreg is highly resistant to decay and attack by termites
and marine borers (52). Its electrical and acid resistances
are also real high.

The strength properties of Compreg are in general increased
over those of the wood from which it was made about in pro-
portion to the increase in specific gravity except for the hard-
ness which is increased by ten to twenty fold (54) and the tough-
ness which is reduced to 0.75 of that for the original wood (51).
The toughness is improved if the Compreg is made with a spirit
soluble phenolic resin rather than an "A" stage water soluble
resin (55), but the dimensional stability is not so good.

Compreg was used during World War II largely for the roots
of wooden airplane propellers, for ship screw bearings and
experimental aircraft landing surfaces of aircraft carriers,

More recent uses have been for forming dies and jigs, weaving
shuttles, knife handles, glass door pulls and railroad track
connectors where electrical resistance is needed for automatic
signaling systems.

Furfuryl Alcohol Resin has been successfully formed in the
cell walls of wood to give the wood high dimensional stability
(ASE values of 65 to 75%) and high alkali as well as acid re-
sistance (56). Anhydrous furfuryl alcohol swells dry wood very
slowly. Only about 5% of water present either in the furfuryl
alcohol or the wood makes it a good swelling agent for wood. The
reaction requires an acid catalyst (57). The use of strong
mineral acids should be avoided as the polymerization may pro-
ceed even at room temperature with explosive violence. The
shelf life of furfuryl alcohol with catalyst present (90% fur-
furyl alcohol 5% water and 5% catalyst) was tested by determining
the time at room temperature beyond which the viscosity of the
solution increased significantly. Of a series of acid salts and
di-and tri-basic organic acids tested only zinc chloride and
citric and malic acids gave shelf lives over one month. These
systems on heating at 100°C for 24 hours gave resin yields of
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72 to 75%.

Furfuryl alcohol resin treated wood varies in color from
dark brown to black depending on the resin content. At high
resin contents, a high degree of polish is attained by sanding
and buffing. Hardness and crushing strength perpendicular to
the grain are increased materially, Toughness, as in the case
of phenolic resin treated wood, is decreased (in terms of the
Charpy impact test from 70 to 30 inch - 1b.) (56). Relative
Forest Products Lab toughness values obtained by the author
ranged from 0.3 to 0.67 using different acid catalysts and
varying concentrations.

Drastic alkali resistance tests consisting of heating wood
specimens in boiling 10% NaOH for 16 days reduced the crushing
strength at the elastic Timit for untreated southern yellow pine
from 620 to 80 psi and for the wood containing 71% furfuryl
alcohol resin from 2650 to 890 psi (56).

Vinyl Resin Treatment. Considerable interest has developed
in recent years in polymerizing various vinyl resins in cellu-
losic materials. Most of the vinyl monomers, with the exception
of acrylonitrile, swell wood only slightly,(58, 59) and hence
would not be expected to be good dimension stabiTizing bulking
agents except when a non-aqueous fiber penetrating solvent is
used to aid in the fiber penetration. Normally the liquid
monomers are impregnated into solid wood and polymerized either
by gamma ray irradiation which generate free radicals that act
asexcitation sites in the system (60) ,by free radicals generated
by thermal break down of a peroxide catalyst such as benzoyl
peroxide (61), or by Vazo , a DuPont catalyst that breaks down
on heating to two free radicals and a nitrogen molecule (62).

Distribution of monomer was found to be good only at high
loading which resulted in the polymer being mostly in the homo-
polymer form in the void structure (63, 64, 65, 66, 67, 68).
These modified woods are being made to a limited extent Targely
to take advantage of the improved mechanical properties,
especially hardness and abrasion resistance (68). Good dimen-
sional stability, 60-70% ASE, is obtained only with acrylonitrile
and its combination with other vinyl monomers and then only at
high loadings (69).

Vinyl resin treated wood, at high loadings has a natural
lustrous  appearance as does Compreg. Its advantages over
Compreg for flooring are its greater toughness, abrasion re-
sistance and undarkened color. Because of the much higher resin
content it should be potentially considerably more expensive
than Compreg.

The step of impregnating with vinyl monomers could be great-
1y simplified and made more uniform if veneer was treated as in
the case of Impreg and Compreg. In this case a low volatility
monomer, such as tributyl styrene (70) dissolved in a volatile
wood swelling solvent such as methyl alcohol should be the
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impregnant to avoid depletion of resin at the surfaces of the
plies after evaporating off the solvent and thus insuring
dimensional stability. Curing of the resin with benzoyl peroxide
or Vazo and heat could be carried out in a press simultaneously
with assembly of the plies.

Chemical Reactants. The bulking agents for wood thus far
considered depend merely upon deposition of chemicals within the
cell walls. Forming of resins within the cell walls may or may
not involve some chemical reaction with the wood. Even if the
resin cannot be leached from the wood with resin solvents there
is no assurance that it is chemically attached at the wood. If
polymers are formed within the cell walls with molecular weights
exceeding about 3500 they may be merely mechanically entrapped as
homopolymers (34). There is, however, one group of bulking agents
that definitely react with the available hydroxyl groups within
the cell walls of wood. Acetylation has proved to be the most
successful of these reactions.

Acetylation of cellulose to the triacetate has been carried
out without breaking down of the structure with acetic anhydride
containing pyridine to help open up the cell wall structure and
to act as a catalyst (71). This led Stamm and Tarkow (72) to
test the liquid phase reaction on wood. High dimensional
stabilization without break down of the structure was obtained,
but excessive amounts of chemical were used, They hence devised
a vapor phase method at atmospheric pressure that proved suitable
for treating veneer up to thicknesses of 1/8 inch. Acetic
anhydride pyridine vapors generated by heating an 80-20% mixture
of the liquids were circulated around sheets of veneer suspended
in a box Tined with sheet stainless steel. Hardwood veneer,

1/16 inch thick, required about a 6 hour exposure at 90°C to
obtain an acetyl content of 18 to 20% and an ASE of 70%. Soft-
wood veneer required an acetyl content of 25% to obtain the same
ASE value and an exposure time of 10 to 12 hours. Clermont and
Bender (73) showed that dimethyl formamide can be substituted for
pyridine as the swelling agent and catalyst for acetylation of
wood.

Goldstein et al. (74) showed that acetylation of wood can be
carried out in the liquid phase with acetic anhydride without the
addition of a catalyst. Only one acetyl group of the anhydride
molecule reacts with the wood, the other forming acetic acid.
Following surface reaction on the wood the acetic acid formed
presumably helps open up the structure and promote further re-
action. These investigators also devised a means of avoiding the
use of excessive amounts of acetic anhydride by dissolving just
the needed amount in an aromatic or chlorinated hydrocarbon,
impregnating solid wood with this solution under pressure of about
150 psi in a treated cylinder, heating while still under pressure
to 100 to 130°C for 8 to 16 hours to promote the reaction followed
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by draining the cylinder and evacuation to remove any excess of
acetic anhydride, the solvent and formed acetic acid. The drain-
ed reactants were found to be reusable for several subsequent
impregnations. The 1liquid phase reaction with acetic anhydride
alone and also when diluted to 25% with xylene at 125°C gave ASE
values for twelve species of wood ranging from 70 to 80% (74).

This process was carried out on pilot plant scale for sever-
al years by the Koppers Co., Pittsburgh, Pa, It was never con-
verted to a large scale process for economic reasons.

Baird, (z5) showed that the vapor phase reaction can also be
carried out without a catalyst to attain acetyl contents of
20% in 2 hours at 130°C with white pine cross sections, The
addition of 15% of dimethylformamide gave an acetyl content of
25% under the same conditions. The presence of catalyst was
found helpful only in attaining the higher levels of acetylation.

Acetylated wood is highly stable. Ten cycles of relative
humidity change between 30 and 90% at 27°C over a period of four
months gave no loss in anti-shrink efficiency (ASEg (76). Soak-
ing in a 9% aqueous sulfuric acid solution for 18 hours at 25°C
had no effect on the subsequent ASE. When the temperature was
increased to 40°C the ASE dropped only from 75 to 65%. Exposure
of acetylated birch panels in the warm salty water of the Gulf
of Mexico for a year showed no attack by Teredo and no loss in
ASE whereas the untreated controls were baaly attacked. Acetyl-
ated birch stakes inserted in termite infected soil showed no
sign of attack in 5 years. Acetylated Sitka spruce with an ASE
of 70% when exposed to Lenzites trabea in a 3 month soil-block
culture test showed a negligable 1oss in weight compared to 47%
for the controls (17). Similar results were obtained by
Goldstein et al., (74), using six different cultures.

Douglas fir plywood with acetylated faces, when exposed to
the weather on a test fence for two years without a surface
finish developed only a slight roughening and checking whereas
the controls weathered and checked badly (76). The weathering
of exterior paints on panels with acetylated faces were consider-
ably better than on the controls. Presurface acetylation also
?eemed ;o improve the weathering properties of painted wood

36, 37).

Acetylation in general causes a slight bleaching of the wood.
It causes Tittle change in the specific gravity of wood, the
weight increase being virtually offset by the bulking. Acetyla-
tion causes virtually no change or a small increase in most of
the strength properties of wood (72, 74, 75, 76) including tough-
ness which is adversely affected by all resin forming bulking
treatments.

Other Reactants. Vapor phase reactions of isosyanates with
wood have been studied as a means of obtaining dimensional stabi-
Tity (z5). Isocyanates are poor swelling agents for wood. It
was thus necessary to use an accompanying swelling agent such as
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dimethyl formamide to open up the structure, The most suitable
isocyanate, butyl, gave ASE values up to 78% for a weight
increase of 49% when heated for two hours at 130°C. Toughness
and abrasion resistance were, however, reduced to 72 and 75% of
the values for the untreated controls.

Another bulking reaction of interest is with ethylene oxide
with trimethyl amine present to open up the structure and serve
as a catalyst (77). Small wood specimens were evacuated at 95°C
in an autoclave. Trimethyl amine at 65°C was admitted to a
pressure of 1 psi absolute. Ethylene oxide was then introduced
into the system under a pressure of 50 psi and held until the
desired extent of weight increase of 20 to 30% due to reaction was
attained, to give ASE values up to 65%.

Recently Rowell and Gutzmer (78) have shown that good dimen-
sional stability can be imparted to wood by reactions with other
alkylene oxides namely propylene and butylene oxides and epi-
chlorohydrin catalyzed with triethylamine. A11 of these chemicals
are liquids at room temperature so that complicated gas handling
equipment is not needed. Optimum ASE values of 66 to 68% for
Southern yellow pine reacted with propylene oxide were obtained
when the add on weight ranged from 28 to 34%. Higher add on
values evidently resulted in rupture of the fiber with an
appreciable increase in swelling. The optimum ASE values were
obtained when the wood was impregnated under a pressure of 150
psi with 95 parts of propylene oxide and five parts of the
triethylamine and heated for one hour at 110 to 120°C. Epichloro-
hydrin gave similar ASE values with a slightly broader range of
weight increases. Epichlorohydrin treatment gave excellent decay
resistance as shown by block culture tests,

Conclusions

The most effective dimension stabilizing treatments for wood
thus far devised that introduce a minimum of accompanying detre-
mental properties are all of the bulking types. The best all
around treatment is acetylation. It has the least effect on the
appearance and specific gravity of wood. It is the only treatment
other than with polyethylene glycol that does not reduce.the
toughness of wood. It gives ASE values as high as 75% with
weight increases of only 18 to 20% for hardwoods and g6 to 28%
for softwoods. It is highly stable and gives the optimum resist-
ance to organisms. The reaction can be carried ou§ s1mp1y_1n'
the vapor phase on veneer up to 1/8 ingh thick or in the 1iquid
phase on solid wood when the reactant 1s dissolved in a hydro-
carbon solvent. . .

Other bulking treatments have their special app11gat1on§.
Phenolic resin treatment, the first to be developed, gives h1gh
permanent dimensional stability, decay, heat, qc1d, and electri-
cal resistance. When compressed prior to setting of the resin,
it gives the hardest treated wood known, hardness increases up to
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20 fold. There is, however, a loss in toughness. Furfuryl
alcohol resin treatment imparts alkali as well as acid resistance
to wood, making it suitable for chemical processing equipment.
The chief improved property of vinyl resin treated wood is its
high abrasion resistance making it suitable for floor surfaces.

Polyethylene glycol treatment is suitable for the treatment
of green wood, especially water swollen artifacts as it material-
1y reduces the shrinkage that occurs on drying, and the accompany-
ing degrade. The treatment is also highly useful in carving
green wood and avoiding degrade on drying.

The newest treatment with alkylene oxides shows promise of
being developed into a commercial process.

Literature Cited

(1) Stamm, A. J. "Wood and Cellulose Science" Ronald Press Co.,
New York (1964).

(2) ﬁka$r,($é7;yater in Wood" Syracuse Univ. Press., Syracuse,

(3) Brunauer, S., Emett, P. H. and Teller, E., J. Am. Chem. Soc.
(1938) 60, 309.

(4) Koehler, A.'Lorgitudinal Shrinkage of Wood", U. S. Dept. Agr.
For. Prod. Lab. Report 1093 (1946).

(5) Markwardt, L. J. and Wilson, T. R. C. "Strength and Related
Properties of Woods Grown in the U. S.", U. S. Dept. Agr.
Tech. Bull. 479, (1935),

(6) Keylwerth, R., Holz Roh Werkstoff, (1962) 20 (7) 252-259.
(7) Hittmeier, M. E. Wood Sci. and Tech. (1967) 1 (2),109-121.
(8) Barkas, W. W. "A Discussion of the Swelling Stresses and
Sorption Hysteresis of Plastic Gels", Great Brit. Dept. Sci.
Ind. Research, Forest Products Special Report No. 6 (1947).
(9) Lloyd, R. A. and Stamm, A. J., For. Prod. J. (1958) 8 (8),

230-234. -
(10) Hunt, G. M. "Effectiveness of Moisture-Excluding Coatings on
Wood", U. S, Dept. Agr. Circular No. 128 (1930).

(11) Browne, F. L., Ind. Eng. Chem. (1933) 25, 835-842.

(T2) Browne, F. L., Architectural Record, (T949), Mar: 131-133.

(13) Browne, F. L. and Downs, L. E. "A Survey of the Properties
of Commercial Water Repellants and Related Products" U. S,
For. Prod. Lab. Mimeo R1495. (1945),

(14) Stamm, A. J. and Harris, E. E., "Chemical Processing of Wood",
Chem, Pub. Co., N, Y, (1953).

(15) Stamm, A. J., Burr, H. K,, and Kline, A. A,, Ind. Eng. Chem.
(1946) 38:630-637.

(16) Forest Products Lab. "Toughness Testing Machine", U, S. For.
Prod. Lab, Report 1308 (1956).

(17) Stamm, A. J. and Baechler, R. H., For. Prod. J. (1960) 10
(1):22-26. -

(18) Stamm, A. J. and Hansen, L. A., Ind, Eng, Chem. (1937) 29:

931-938.,

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch008

138

=
s

— A~~~

—~ o~

—~
w|w w|w|w|w W[ NN N nN ~nN nN ~nN NN
oo | w|Nj— o [eo] Y] ()] (3] ~ w N —|O

~— ~— e e e e ~— ~ ~ ~ ~—

—~~ A~~~ A~ A~ e~~~

—
w
~

~

WOOD TECHNOLOGY: CHEMICAL ASPECTS

Seborg, R. M., Tarkow, H., and Stamm, A. J., J. For. Prod.

Research Soc. (1953) 3 (3):59-67.

Stamm, A. J. Ind. Eng. Chem. (1956) 48 413-417.

Staudinger, H., Trans. Faraday Soc. (1936) 32:323-335.
Eschalier, X., French Patent No. 374, 724 additions 8422
(1906); 9904 (1908); 9905 (1908); 10760 (1909).

Gruntfest, I. J. and Gagliardi, D. D. Textile Research J.
(1948) 18 643-649.

Tarkow, H., and Stamm, A. J., J. For. Prod. Research Soc.
(1953) 3:33-37.

?a]ke;, J. F. "Formaldehyde", Reinhold Pub. Corp. New York,
1944).

Cohen, W. E., Stamm, A. J. and Fahey, D. J.,TAPPI (1959),

42, 934-940.

Stamm, A. J., TAPPI, (1959) 42:44-50.

Stamm, A. J., TAPPI, (1959) 42:39-44.

Stamm, A. J., J. Am. Chem, Soc., (1934), 56:1195-1204,
%ggghboruogh, W. K., Southern Lumberman, (1939), Dec. pg.

Stamm, A. J., Ind. Eng. Chem. (1937), 29:833-836.

Batson, B. A., Chem. Trade J. (1939) 105 (8) (2724):93, 98.

Stamm, A. J., For., Prod. J. (1956) 6 (5):201-204.

Tarkow, H., Feist, W. C. and Southerland, C. F., For. Prod,

J. (1966) 16 (10):61-65.

Stamm, A. J., For. Prod. J. (1959) 9 (10):375-381,

Campbell, G. G. "An Investigation of Improving the Durabili-

ty of Exterior Finishes on Wood", M. S. Thesis, Dept. Wood

?nd Piper Sci. North Carolina State Univ, Raleigh, N. C.
1966).

Campbell, G. G. "The Effect of Weathering on the Adhesion of

Selected Exterior Coatings to Wood", PhD Thesis, Dept. Wood

?nd P?per Sci., North Carolina State Univ, Raleigh, N, C.
1970). :

Tigchell, H. L. and Iverson, E. S., For. Prod. J. (1961) 11
1), 6-7.

Mitchell, H. L. and Wahlgren, H. E., For, Prod. J., (1959)

9 (12), 437-441.

Franzen, A. National Geographic Mag. (1962) 121 (1) 42-57.

Stamm, A. J., Wood Sci. and Tech. (1974) 8:300-306.

Stamm, A. J. and Hansen, L. A., Ind. Eng. Chem. (1935) 27:
148-152.

Christensen, B. B., "The Conservation of Waterlogged Wood in
the National Museum of Denmark", National Museum of Denmark
Copenhagen (1970).

Stamm, A. J., a~d Seborg, R. M,, Ind. Eng. Chem. (1936) 28:
1164-1170.

Stamm, A. J. and Seborg, R. M., Ind. Eng. Chem, (1939) 31:

897-902.

Millett, M. A. and Stamm, A. J,, Modern Plastics (1946) 24,
150-153.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch008

8. stamMm  Dimensional Changes and Their Control 139

(47)

(48)
(49)
(50)
(51)

(52)
(53)
(54)

—

—~ — —~~ —~~
~— ~ ~— ~— ~

—~
N (o)) [23][,] N oo oo ol
~ w nN|— o [Ve)[ee] ~Njoy ol

~

—
~

(65)
(66)

(67)
(68)

(69)

Burr, H. K., and Stamm, A, J., "Comparison of Commercial
Water-Soluble Phenol-Formaldehyde Resinoids for Wood
Impregnation", U. S. For. Prod. Lab.Mimeo 1384 (1943).
Stamm, A. J., "Wood Impregnation", U. S. Patent No.
2350135. (1944).

Weatherwax, R. C., and Stamm, A, J., Elect. Eng. Trans.
(1945) 64:833-839.

Seborg, R. M. and Vallier, A. E,, J. For. Prod. Research
Soc. (1954), 4 (5):305-312,

Erickson, E. C. 0. "Mechanical Properties of Laminated
Modified Wood", U. S. For. Prod. Lab. Mimeo No. 1639
Revised. (1958).

Stamm, A. J. and Seborg, R, M. Trans. Am. Inst. Chem. Eng.
(1941) 37:385-397.

Stamm, A. J. and Turner, H. D. "Method of Molding", U. S,
Patent No. 2391489 (1954).

Weatherwax, R, C., Erickson, E. C. 0., and Stamm, A. J.,
"Modulus of Hardness Test!'Am. Soc. Testing Materials,
Bull No. 153 (1948).

Findley, W. H., Werley, W. J., and Kacatieff, C. D.,
Trans. Am. Soc. Mech. Eng. (1946) 68, 317-325.

Goldstein, I. S., For. Prod. J. (1955) 5 (4) 265=267.
Goldstein, I. S., and Dreher, W. A., Ind. Eng. Chem.
(1960) 52, 57-58.

Siau, J. F., Wood Sci. (1969) 1 (4):250-253,

Loos, W. E., and Robinson, G. L., For. Prod. J. (1968)

18 (9); 109-112,

Chapiro, A., and Stannett, V. T., International J. Applied
Radiation and Isotopes (1960) 8, 164-167.

Meyer, J. A., For. Prod. J. (1965) 15 (9):362-364.

DuPont Co. "DuPont Vazo 64 Vinyl Polymerization Catalyst"
"Product Information" (1974).

Kenaga, D. L., Fennessey, J. P. and Stannett, V. T., For.
Prod. J. (1962), 12 (4), 161-168.

Kent, J. A., Winston, A., and Boyle, W. R., "Preparation
of Wood - Plastic Combinations using Gamma Radiation to
Induce Polymerization", U. S. Atomic Energy Commission
Report 0. R. 0. - 600 and 612 (1962).

Loos, W. E., Walters, R. E. and Kent, J. A., For. Prod. J.
(1967) 17 (5): 40-49.

Ramlingham, K. V., Werezak, G. N. and Hodgins, J. W.,

J. Polymer Sci. (1963) Part C Polymer Symposium No. 2:
153-167.

Siau, J. F., Meyer, J. A. and Skaar, C,, For. Prod. J.
(1965) 15 (10):426-434,

Ellwood, E., Gilmore, R., Merrill, J. A, and Poole, W. K.,
"An Investigation of Certain Physical and Mechanical Pro-
perties of Wood-Plastic Combinations", U. S. Atomic Energy
Commission Report OR0-638 (RTI-2513-T13) (1969).

Ellwood, E., Gilmore, R., and Stamm, A. J. Wood Sci. (1972)
4 (3) 137-141.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch008

WOOD TECHNOLOGY: CHEMICAL ASPECTS

Kenaga, D. L., Wood and Fiber (1970) 2 (1), 40-51.

Hess, K., Ber., (1928) 61, 1460.

Stamm, A. J., and Tarkow, H., J. Phys. and Colloid Chem,
(1947) 31: 493-505,

Clermont, L. P. and Bender, E., For. Prod. J. (1957) 7
(5), 167-170.

Goldstein, I. S., Jeroski, F. B., Lund, A. E., Nielson, J.
F., and Weaver, J. W., For. Prod. J. (1961) 11 (8),
363-370.

Baird, B. R., Wood and Fiber (1969) 1 (1) 54-63.

Tarkow, H., and Stamm, A. J. and Erickson, E. C. 0.
"Acetylated Wood", U. S. Dept. Agr. For. Prod. Lab. Mimeo
No. 1593 (1955).

McMillin, C. W., For. Prod. J. (1963) 13 (2), 56-61.
Rowell, R. M., and Gutzmer, D. I., Wood Sci. (1975) 7
240-246.

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch009

Dimensional Stabilization of Wood with Furfuryl
Alcohol Resin

ALFRED ]. STAMM

School of Forest Resources, Department of Wood and Paper Science,
North Carolina State University, P.O. Box 5516, Raleigh, N.C. 27607

A number of methods have been developed in the last forty
years for the dimensional stabilization of wood (1, 2), Un-
fortunately none of these have proved to be economically success-
ful on a large scale. One of the methods, involving the treat-
ment with furfuryl alcohol (3) was shown by Goldstein (4, 5) to
impart both alkali as well as acid resistance to wood, giving it
a distinctive black color. This treatment is of renewed interest
at the present time because furfuryl alcohol is made from the
renewable resource, corn cobs, and can also be made from the
hydrolizate of hardwood waste (6).

Goldstein and Dreher (7), have shown that five parts of the
catalyst zinc chloride or organic di-or:tri<basic acids, such as
citric acid, gave solutions in 5 parts of water added to 90 parts
of furfuryl alcohol that remain stable for a month or more at
room temperature without a significant amount of polymerization,
whereas they polymerize to give high yields of resin when heated
for a day at 100°C. This makes possible the impregnation of wood
with this Tiquid in conventional treating cylinders, draining off
the excess liquid for reuse, and then heat curing the resin with-
in the wood. In this way an antishrink efficiency
(1 - % swelling of treated wood x 100) of 63 was obtained at

% swelling of untreated wood
48% resin content and 70 at 120% resin content with Idaho pine
cross sections (4, 7). The toughness of southern pine sticks
(0.5 by 0.5 by 4 inch span) as shown by the Charpy impact test
at 68% resin content was, however, reduced from 69 to 27 foot
pounds (relative toughness 0.39). It thus appeared desirable to
determine if the use of less catalyst would improve the toughness
and if the Tong tie up of an oven or dry kiln for the cure of the
resin could be avoided.

Experimental
Douglas fir, loblolly pine, and Engelmann spruce specimens

4.5 by 4.5 cm in the radial and tangential directions were cut
into a series of end matched cross sections 3 mm thick for

141

In Wood Technology: Chemical Aspects; Goldstein, 1.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1977.



Publication Date: June 1, 1977 | doi: 10.1021/bk-1977-0043.ch009

142 WOOD TECHNOLOGY: CHEMICAL ASPECTS

treatment. Yellow poplar sticks 1 by 1 cm in the radial and
tangential directions by 40 cm long were also treated. A1l speci-
mens were stress relieved by swelling in water followed by air

and then oven drying. Part of the sticks were cut into four end
matched sticks 9.5 cm long for treatment and toughness tests.

Three different catalysts were used. Five parts by weight
of zinc chloride or of citric acid were dissolved in 5 parts of
water and added to 90 parts by weight of furfuryl alcohol, giving
5% catalyst concentrations. Zinc chloride was also used in one
fifth and one twenty fifth of the former concentration. Formic
acid was used in 5% by weight concentrations with no water pre-
sent. The presence of the small amounts of water in the case of
the two solid catalysts aid in their solution and cause almost as
rapid swelling of wood as in water alone, whereas the swelling in
water-free furfuryl alcohol is extremely slow. Formic acid
accelerates the rate of swelling of wood in furfuryl alcohol,
similar to the effect of water.

The highly permeable loblolly pine and Engelmann spruce cross
sections were treated by merely immersing the air dry specimens
in the treating solutions for 5 seconds. The much denser Douglas
fir heartwood cross sections were treated by pulling a vacuum for
30 seconds over the solution immersed specimens. The 9.5 cm long
yellow poplar sticks were treated by immersing them for 10 minutes
under vacuum in the treating solutions. The 40 cm Tong yellow
poplar sticks were treated in glass tubes by pulling a vacuum of
0.1 mm of mercury on the oven dry specimens, running in the treat-
ing solution under vacuum and holding for one minute (8).

The treated specimens were wrapped in aluminum foil and held
at room temperature for one day to allow for equilization of the
solution through the structure by capilarity and diffusion. The
specimens were then weighed and the radial and tangential dimen-
sions determined. They were again wrapped in aluminum foil and
heat cured at 120°C for either 18 or 6 hours. The specimens were
weighed and measured, oven dried for 2 hours to remove unpoly-
merized volatiles and again weighed and measured. The specimens
were then immersed in distilled water for at least two days,
measured, air dried followed by oven drying, weighing and measur-
ing. Specimens that were well cured lost little weight and
dimensions between the heat cured condition and the first and
second oven drying.

Anti-Shrink and Polymerization Efficiencies

Antishrink efficiencies (ASE) for the treated specimens were
calculated from the changes in cross sections between the original
untreated water swollen and oven dry conditions and the treated
water swollen and second oven dry condition. Figure 1 is a plot
of the ASE for the three species of cross sections and the yellow
poplar sticks versus the resin content. The ASE values increase
approximately linearly with an increase in resin content as resin
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is formed within the cell walls to bulk the fiber. Above about
40% resin content by weight, resin is deposited within the
natural void structure with little increase in ASE. This point
corresponds to an optimum bulked volume of 32.5% as the specific
grav1ty of cast furfuryl resin was found to be 1.23 by the sus-
pension method in an aqueous zinc chloride solution (1 pg 55).
This value is only slightly greater than the fiber saturation
point or optimum bulking of untreated wood by water, 30%. The
furfuryl alcohol - catalyst solutions swelled the wood 6 to 8%
beyond the swelling in water. The bulking by the solutions was
thus 31.6 to 32.4%. This indicates a real high efficiency of
diffusion of resin forming chemicals into the cell walls of wood
under the conditions used.

The efficiency with which resin is formed from the weight of
resin forming material taken up within the wood was calculated on
the basis of one mole of water being lost for each mole of fur-
furyl alcohol polymerized (0.815) and all catalyst and water lost
as vapor or from leaching subsequent to the final water soak,

The efficiency of polymerization is then the final resin content
of the wood in weight percent, divided by the original solution
content of the wood before polymerization times one minus the
initial fractional moisture content of the wood times the fract-
ion of the weight of the treating solution that was furfuryl
alcohol times 0.815. These efficiencies together with the anti-
shrink efficiencies are given in Table I for the matched yellow
poplar sticks 9.5 cm long and in Table II for the Douglas fir
and Engelman spruce cross sections. Under conditions where poly-
merization was virtually complete (18 hr. cure) the efficiencies
were 90% or better using both zinc chloride and citric acid
catalysts. When formic acid was used as the catalyst, the
efficiency was significantly Tower. When the curing time was
reduced to 6 hours high efficiency of polymerization resulted
only at zinc chloride concentrations of 1% and 5%.

Mechanical Properties

Static bending tests were made on nine treated yellow pop-
lar sticks (40 x 1 x 1 cm) (three each with 2.5% zinc chloride,
2.5% citric acid and 5% formic acid catalyst cured for 18 hr. at
120°C), and four control sticks. Loading was in the tangential
direction. The resin contents ranged from 40 to 72%, ASE values
ranged from 72 to 77% (av. 74%). The average relative stress
to proportional limit was 1.3, the average relative modulus of
rupture was 0.89 and the average relative modulus of elasticity
was 2.0. The increases in the stress to proportional limit and
the modulus of elasticity are due to stiffening of the fibers.
The loss in modulus of rupture resulted from acid embritt
ment of the fibers. There was no s1gn1f1cant difference Jue to
curing with the different catalysts except in the case of the
relative modulus of rupture which averaged 0,99 for the specimens
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Figure 1. Antishrink efficiency (ASE) vs. furfuryl resin con-
tent. O, yellow poplar sticks; /\, Douglas fir cross sections;
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tration for end-matched furfuryl alcohol
resin treated yellow poplar sticks. O, aver-
age relative toughness of resin-treated
specimens. [\, average relative toughness
of specimens impregnated with the same
aqueous catalyst concentration and sub-
jected to the same heating and time cycle
with no furfuryl alcohol present. Arrows
indicate range of relative toughness values
for the resin-treated specimens.
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cured with the formic acid catalyst, This higher value is prob-
ably due to somewhat less embrittlement of the fibers by formic
acid.

Toughness determinations were made on the matched 9,5 cm
long yellow poplar sticks using a U.S. Forest Products Laboratory
toughness tester (9). One stick of each end matched four sticks
served as an untreated control. The other three sticks were
treated identically or with three different concentrations of
zinc chloride catalyst. The results are given in Table I,
Relative toughnesses ranged from 0,33 to 0,78, Formic acid
catalyst embrittled the wood less than zinc chloride and citric
acid but with some loss in both polymerization and antishrink
efficiences. Figure 2 shows that the relative toughness is
approximately inversely proportional to the logarithim of the
zinc chloride catalyst concentration. Most of the toughness Toss
is due to acid hydrolysis under the curing conditions used. This
is shown in Figure 2 by data for sticks containing the same
abundance of zinc chloride catalyst but no furfuryl alcohol that
were subjected to the same heating conditions as those in which
the resin was formed,

Edge abrasion resistances were determined on 3 mm thick by
4.5 cm by 4.5 cm cross sections of treated and untreated Douglas
fir and Engelmann spruce with a simple rotating disc - rocker
arm mounted abrader developed by Loos (10) especially for tests
on small thin cross sections. Sandpaper (120 grit) was mounted
on the under surface of the rotating disc that was pressed again-
st the radial edge of the cross sections with a pressure of one
Kg. The disc was rotated at a speed of 100 revoiutions per
minute for 100 revolutions, determined with a revolution counter.
Loss of tangential dimension was determined with a dial gauyge to
one thousandth of an inch. As the abrasiveness of the sandpaper
decreased with use only slightly between the first 100 revolu-
tions and 1000 revolutions, measurements were alternately made on
treated and untreated control specimens repeated five times,
Relative abrasion resistances (loss in tangential dimension for
the controls divided by loss for the treated specimens) were
averaged for tests 2 through test 5 for each set of specimens.
Fresh sandpaper was used for each new set of specimens. Table II
shows that furfuryl alcohol resin treatment reduces the abrasion
resistance significantly but far less than for heat treatment and
formaldehyde cross linking (3). There is a tendency for speci-
mens catalized with formic acid to give a slightly higher
abrasion resistance than these catalized with citric acid and
with zinc chloride but the difference is hardly significant, The
loss in abrasion resistance, like the toughness, is probably due
to a rombination of the embrittling effect by the catalyst and the
stiffening effect by the resin within the cell walls. The
abrasion resistance, like the toughness, is roughly inversely
proportional to the logarithm of the catalyst concentration
(see Figure 3),
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Figure 3. Relative abrasion resistance

vs. logarithm of the zinc chloride catalyst

concentration for end-matched cross sec-

tions of furfuryl alcohol resin -treated

Engelmann spruce. Arrows indicate

range of relative abrasion resistance
values.

Table IIT Effect of furfuryl alcohol resin treatment of wood on
the weight Toss due to decay under ASTM soil-block
tests for 12 weeks. 1/

Culture Species Resin content weight 1ossg/
% %
Lenzitestrabea Yellow Poplar 0 40.50
50 1.62
81 0.02
Loblo11ly Pine 0 36.90
34 0.12
66 0.10
Polyporus- Yellow Poplar 0 51.30
versicolor 50 1.30
81 0.02
Y

Thanks are extended to Professor E11is Cowling and Gerald Preston
of the Plant Pathology Dept., N. C. State University for making
these tests.

2/
Average of four replications
These tests show that furfuryl resin treatment of wood imparts
to it a high degree of decay resistance.
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Abstract

Douglas fir, Engelman spruce, and loblolly pine cross
sections and Yellow poplar sticks were treated with furfuryl
alcohol resin using zinc chloride, citric acid, and formic acid
catalysts giving the wood a distinctive black color. Antishrink
efficiencies of 69 to 75% were obtained with 1% zinc chloride
and with 1% citric acid catalysts when cured at 120°C for 18
hours, with a treatment efficiency of 90% or better. Formic
acid (5% concentration) gave similar antishrink efficiencies
with significantly lower polymerization efficiency but a signifi-
cantly higher modulus of rupture and toughness and a slightly
higher abrasion resistance. Curing time can be reduced to 6
hours using 1% zinc chloride without a significant loss in
properties.
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Adhesion to Wood Substrates

J. D. WELLONS
Forest Products Department, Oregon State University, Corvallis, Ore. 97331

Glued wood products continue to capture an increasing propor-
tion of the market. The world population is expanding while the
average living standard also is improving. Both strain our wood
resources to the point that we must use wood as a scarce commodity.
We are forced to use smaller trees, previously unused species, or
residues from other manufacturing processes to make our products.
Using wood from these new sources usually requires that smaller
pieces of wood be glued to obtain products of the desired size.
This trend likely will continue for many years, ever increasing
the need for research on wood gluing processes and the potential
for application of its results. Thus, wood gluing research is a
major activity in many organizatioms.

This paper reviews the status of the art of adhesion to wood.
The term "adhesion" here means the forming or the result of a dur-
able interface, or zone of "intimate'" contact, between one piece
of wood and a second material, whether it be adhesive, coating, or
another piece of wood. The review will focus primarily on solid
wood, but will refer to selected literature on wood fiber or fiber-
wall components if the concepts presented apply to solid wood.
Several specific topics will be considered in detail: mechanisms
of adhesion to wood; techniques for predicting whether or not ade-
quate adhesion will occur or has occurred; wood properties affect-
ing adhesion; and, finally, techniques for enhancing adhesion.

Adhesion is a necessary part of wood gluing, but it is only a
part of that subject. Many topics in wood gluing are omitted from
this review to allow more depth to those that are included.
Advances in the chemistry and technology of wood adhesives, the
rheology of wood adhesive joints, and details of specific indus-
trial gluing processes are all important, but they must be left
for others to review. Even within the subject of adhesion to wood,
I will limit comment primarily to research since 1970. Marian and
Stumbo (1, 2), Jurecic (3), Halligan (4), Patton (5), and Collett
(6) have carefully reviewed the earlier contributions to adhesion
to wood. Their efforts will not be duplicated except where
necessary to provide perspective.
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Mechanisms for Adhesion

As the science of adhesion has developed, various theories of
adhesion have been advocated for one material or another. With
wood as a substrate, mechanical interlocking, interdiffusion of
polymers, intermolecular attractive forces, and covalent chemical
bonding all have been proposed, either individually or collec-
tively, to explain adhesion. In reality, no experiments reported
to date have been able to disprove the existence of any one of
these mechanisms, or to quantify their relative importance. A
most exasperating feature of research on adhesion to wood is that
factors presumed to be independent in experiments are never
totally independent.

Mechanical Interlocking and Interdiffusion. The interlocking
of microscopic adhesive tendrils in the pore structure of wood
long has been considered a minor contributor to adhesion (7). It
is based on the premise that spreading, penetration, wetting, and
molecular proximity, which are prerequisite to every bonding mecha-
nism, carry the adhesive into the minutest capilliaries where
mechanical interlocks occur when the adhesive is fully cured. This
mechanism has been discarded by most other material scientists (8).
In fact, it has been ignored by most wood scientists of the last
10 years, often to be replaced by the concept of molecular inter-
diffusion. Horioka (9) did consider mechanical interlocking impor-
tant in a limited way. He accounted for adhesive bond strength
with wood of various densities by presuming that stress was trans-
ferred through interlocking adhesive 'plugs" in the fiber lumen.
This assumption did not eliminate the need to assume also inter-
molecular attractive forces to transmit stress from those adhesive
plugs to the fiber walls, so Horioka considered mechanical inter-
locking to be secondary in importance to intermolecular attractionm.

The interdiffusing of water-soluble adhesive polymer into the
fiber walls of wood has been established clearly by recent
research, after many years of debate. Tarkow et al. (10) showed
that polyethylene glycol molecules up to molecular weight 3,000
(18- to 20-A° radius of gyration in water) could penetrate the
fiber wall from aqueous solutions. Collett (1l) used scanning
electron microscopy (SEM) to examine plywood gluelines containing
either lead oxide or rhodamine B dye in the phenolic adhesive. He
believed that these techniques indicated adhesive penetration into
fiber walls, but had no assurance that the lead oxide or rhodamine
B dye had penetrated to the same depth as the adhesive. Smith and
Coté (12) examined brominated phenol-formaldehyde resin adhesive
on wood with an energy dispersive x-ray spectrometer interfaced
with an SEM to confirm that resin molecules did penetrate the
fiber wall from aqueous alkali. Their results are illustrated by
Figure 1, which includes the SEM view of the fiber walls and lumen
with the superposed trace of bromine concentration. Nearn (13)
likewise concluded that phenolic resins penetrated the wood fiber
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Figure 1. SEM view of wood fibers impregnated with brominated phenol-
formaldehyde resin. The line trace indicat?s l;romine concentration in the wood
structure (12).
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wall, based on fluorescent microscopy, autoradiography of phenolic
resins synthesized with c!*, and transmission electron microscopy
of gluelines containing brominated phenolic resin.

The conditions for adhesive or coating polymers in nonaqueous
solvents to penetrate the fiber wall are less well established.
Schneider (14) reviewed the evidence for penetration of various
coating polymers into the fiber wall and concluded that most
studies did not allow differentation between solvent penetration
and polymer penetration. Furuno et al. (15) claimed that methyl
methacrylate did penetrate the fiber wall from methanol solution
but not from dioxane. As might be expected, all authors report
that swelling of the wood is a necessary prerequisite to penetra-
tion of the fiber wall by polymers.

Nearn (13) contends that fiber-wall penetration is essential
for durable adhesive bonds to wood. He reached this conclusion by
comparing glue-bond performance to fiber-wall penetration. This
does not mean necessarily that interdiffusion of adhesive into the
fiber wall is essential for adhesion. An adhesive bond could fail
prematurely because of microscopic failures in the wood fiber near
its surface. Such defects would be repaired by adhesive penetra-
ting the fiber structure, resulting in better bond performance.
Also, a zone of interpenetrating wood and adhesive molecules might
allow a more gradual transition between the mechanical properties
of the adhesive and the wood, also improving bond performance, but
not necessarily improving adhesion itself.

Intermolecular Attraction and Adsorption. Specific adhesion,
or the physical adsorption of adhesive polymers onto wood by Van
der Waal's attractions and hydrogen bonds long has been considered
the major mechanism of adhesion between wood and adhesive or coat-
ing polymers. This conviction led to the detailed thermodynamic
descriptions of the adhesion process and the concepts of wetting
and spreading, as reviewed by Marian and Stumbo (2) and Collett
(6). The major additions to our knowledge of this important sub-
ject during the last decade have to do with quantifying the pro-
cess of adsorption of polymers onto wood from solution.

Proof that polymers are adsorbed onto wood from solution came
from the work of Tarkow and Southerland (16) working with poly-
vinyl acetate dissolved in carbon tetrachloride and benzene. Okuro
(17) extended this understanding to aqueous systems by showing
that methylolated phenol was adsorbed onto wood from both benzene
and water. He showed further that substantially greater quantities
of o-methylolphenol were adsorbed from the water and speculated
that the difference resulted from swelling, which allowed inter-
diffusion of this phenol into the fiber wall. The effectiveness
of intermolecular forces at causing adsorption of polymers on wood
was determined by Mizumachi and Fujino (18) and Mizumachi and
Kamidohzono (19). The first study used dynamic mechanical proper-
ties of styrene-butadiene copolymers adsorbed on wood; the second
study used dielectric properties of polyvinyl acetate adsorbed on
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wood components. Both studies verified that the wood immobilized
chain segments of the synthetic polymer to a greater degree than
in the bulk polymer.

Although none of these studies of polymer adsorption help us
determine the relative importance of intermolecular attraction in
adhesion, they collectively do establish that this mechanism is
exceedingly important as a first step, and in some instances the
only step, in the formation of wood-adhesive interfaces.

Covalent Chemical Bonds. The possibility of covalent chemical
bonding between wood and adhesive has been established. Although
early efforts to resolve this issue failed to distinguish between
covalent bonding and entanglement of polymer chains, recent
research seems to have avoided this difficulty. Troughton (20)
and Troughton and Chow (21) established that the kinetics of acid
hydrolysis of melamine-formaldehyde and urea-formaldehyde adhesives
depended on whether or not the adhesive was cured in the presence
of wood components. Formaldehyde was released from melamine-wood
systems faster and at a substantially lower activation energy than
from the melamine adhesive. From urea-wood systems, formaldehyde
was released slower, but at a slightly higher activation energy,
than from the urea adhesive. The same kinetic parameters were
obtained when wood meal was replaced with isolated cellulose or
lignin. These effects were assumed to mean that wood-adhesive
covalent bonds were being broken. The authors proposed (equation
I) that the covalent bonds were oxymethylene bridges formed by
condensing the methylolated adhesive with aliphatic hydroxyl groups
on cellulose or lignin.

HO - Cellulose

R-CH20H + { HO - Lignin

R-CH;-0-Cellulose I
or + H,0
R-CH,-0-Lignin

R represents the remainder of the methylolated glue molecule.
Ramiah and Troughton (22) reinforced these convictions by differ-
ential thermal analysis of melamine- and urea-cellulose glue mix-
tures. They found peaks in the thermograms of glue-cellulose or
glue-cellobiose mixtures that were not present in the thermograms
of any of the individual components. Acetylation of the hydroxyl
groups in the "cellulosic'" material eliminated those unexplained
peaks, resulting in thermograms that were the sum of the individ-
ual components. The acid hydrolysis and thermal decomposition of
phenolic adhesives were too slow to allow interpretation about
wood-phenolic covalent bonds.

Polymerization kinetics have been used to question whether
or not phenolic adhesives covalently bond to wood. Chow (23)
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estimated the rate of cure of phenol-formaldehyde in the presence
of cellulose, cellobiose, and glucose by measuring the ultraviolet
absorbance of the water solubles from the partly cured resin. He
found lower activation energy for resin cure when carbohydrates
were present and postulated a mechanism analagous to that proposed
in equation I. The results of Mizumachi and Morita (24) are less
convincing, however. They also examined the cure of phenolic
adhesives, but in the presence of wood meal using differential
thermal analysis (DTA). Their study indicated that the activation
energy of resin cure could be increased, decreased, or unchanged
by including wood meal, depending on the species selected. DTA,
however, is based on the net thermal effect of not only resin cure
but any other thermal responses of extractive and fiber-wall com-
ponents in the wood.

The best evidence for covalent bonding between wood and
phenol-formaldehyde adhesives was provided by Allan and Neogi (25).
They measured the quantity of 3,5-dibromo-4-hydroxybenzyl alcohol
reacted with o-cellulose and extractive-free lignocellulose fiber.
The ortho bromine atoms blocked further polymerization, which
reduced the likelihood of physical entanglement. The possibility
of adsorption was discounted from the lack of interaction between
O-bromophenol and the wood components. Allan and Neogi found
little or no reaction with the a-cellulose but a substantial
reaction with lignin-containing wood fiber; they proposed (equa-
tion II) that the methylolated phenol condensed with lignin at
ortho positions unoccupied by methoxyl groups.

Lignin R
OH
+
MeO HOCH2 R
OH
l 11
. V ow
Lignin
OH
+ H20
b
MeO CH2 R
OH
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The lack of reaction between methylolated phenol and cellu-
lose reported by Allan and Neogi seems to contradict the findings
of Chow and coworkers. One possible explanation for this dispar-
ity could be the difference in available free formaldehyde in
their systems. Allan's model phenolic adhesive would have the
equivalent of only one mole of formaldehyde per mole of phenol and
would not be expected to have significant quantities of free for-
maldehyde. The resins used by Chow and coworkers had about 2
moles of combined formaldehyde per mole of phenol. Such resins
are able to release formaldehyde during cure when condensation
occurs between two methylol groups. This formaldehyde might then
add at the aliphatic hydroxyls on cellulose or lignin resulting in
condensation, as proposed by Chow, between the methylolated wood
components and the phenolic resins.

O'Brien and Hartman (26) studied the interface of a model
system--epoxy resin, regenerated cellulose fibers--by attenuated
total reflectance infrared spectroscopy. They compared spectra of
the components to spectra of epoxy cured on cellulose and found
for the mixture a diminished hydroxyl absorption (3,350 em™!) and
C-0 stretching (1,050 cm~!), and disappearance of the epoxy band
(915 cm™!). From this they concluded that covalent bonding does
occur between the epoxide groups and cellulose hydroxyls.

In summary, the cumulative evidence seems to point beyond
doubt to covalent bonding between wood and adhesive as a reality,
especially when formaldehyde-based adhesive resins are used. But
is covalent bonding essential to provide water-proof adhesive
bonds? Some argue that many polar materials are held together
cohesively by nothing more than intermolecular physical attrac-
tions, and that because these materials resist water, adsorption
is sufficient for water-proof adhesive bonds. Others argue that
the swelling of wood and adhesive in water would eventually dis-
rupt even an efficient array of hydrogen bonds, requiring water-
impervious covalent bonds to provide durable adhesion. Unequivocal
experiments to resolve these arguments are yet to be reported, so
we must speculate still about the relative importance of these two
mechanisms.

Predicting Adhesion

A major thrust to moving the art of wood gluing more toward a
science has been aimed at successful prediction of when adhesion
has, or will, occur between adhesive and a woody substrate. Much
of this effort has been in wettability and scanning electron micro-
scopic (SEM) studies. Judging from existing knowledge, prediction
of adhesion is still empirical.

Wettability. Good wetting or intimate molecular contact is
certainly well established as a necessary condition for adhesionm.
Thus, early research was preoccupied with thermodynamic estimates
of the surface free energy of wood. Collett (6) amply reviewed
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the subject of contact angles, and Iylengar and Erickson (27)
additionally considered the value of solubility parameters to pre-
dict when the adhesive and wood are compatible. These concepts
are certainly important when assessing new adhesive systems, but
have serious drawbacks as predictors of bond quality with the
aqueous cross-linking resins most commonly used for wood.

One difficulty with some of the contact angles and resulting
critical surface tensions reported in the literature for liquids
on wood is that they are nonequilibrium values. When water or
aqueous solutions are used as the wetting medium, water is
absorbed by the wood, resulting in swelling and a change in wetta-
bility with time. Chen (28) correlated contact angles to the
spreading of adhesive droplets on wood surfaces. He found that
wettability increased 